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     Head and neck squamous cell carcinoma (HNSCC) is the 6th most common cancer 
worldwide and poses a significant health burden due to its rising incidence. The proto-
oncogene PTTG is overexpressed in HNSCC and correlates with poor patient prognosis. A 
recent unpublished GEO profile cDNA array analysis has further suggested a potential 
upregulation of its binding partner PBF in HNSCC. PTTG and PBF cause transformation in 
vitro and tumour formation in vivo, both effects thought to be partly mediated by their 
interactions with the tumour suppressor protein p53. Dysregulation of the p53 pathway is 
frequently observed in HNSCC, thus alluding to the importance of functionally active p53 in 
the suppression of HNSCC initiation and progression. The work presented in this thesis 
describes the functional relationship between PTTG, PBF and p53 in HNSCC. Initial studies 
confirmed that PTTG and PBF are overexpressed in HNSCC tumours compared to matched 
normal tissue. In addition, high tumoural PTTG expression correlated with HPV status, 
whereas high tumoural PBF expression was associated with a significant gender bias. Further 
investigations established that PTTG and PBF functionally interact with p53 and cooperate to 
reduce p53 protein stability in HNSCC cells. Moreover, attenuation of PTTG or PBF 
expression led to dysregulated expression of p53-related genes involved in DNA repair and 
apoptosis, indicating that both proto-oncogenes may serve to promote genomic instability and 
HNSCC cell survival. Functionally, depletion of PTTG or PBF significantly repressed cellular 
migration and invasion, and impaired colony formation in HNSCC cells. 
      Overall, this research has provided novel insights into the roles of PTTG and PBF in 
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1.1 Head and neck cancer 
1.1.1 Basic anatomy of the head and neck 
     Head and neck cancers are a heterogeneous group of malignancies originating from one of 
the many anatomical sites within the head and neck region. The anatomical sub-sites are 
presented in Figure 1.1 and include the nasal cavity, nasopharynx, oropharynx, hypopharynx, 
oral cavity and larynx. Approximately 90 % of head and neck cancers are of squamous cell 
origin and arise in the mucosal epithelium lining of the upper aerodigestive tract (Argiris et al. 
2008). Collectively, they are termed head and neck squamous cell carcinoma (HNSCC). The 
remaining tumours are of non-squamous cell origin and include salivary gland tumours, 











Figure 1.1 Anatomical sites and sub-sites of the human head and neck. Illustration showing 
the sites and sub-sites of head and neck cancer (figure from National Cancer Institute 2013). 
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1.1.2 Epidemiology and incidence of head and neck cancer 
     Head and neck cancer is the sixth most common cancer by incidence worldwide, with 
approximately 687,000 new cases diagnosed in 2015 alone (Torre et al. 2015, Ferlay et al. 
2015). However, there is considerable geographical variation in the incidence and anatomical 
distribution of HNSCC. This variation has mainly been attributed to differences in lifestyle 
factors, such as tobacco and alcohol consumption, which are common risk factors (Blot et al. 
1988, Franceschi et al. 1990). For example, the highest incidence rates are found in Southeast 
Asia and India (Siegel et al. 2016). In these regions, HNSCC represents 40-50 % of all 
diagnosed malignancies and is due to increased consumption of betel quid and tobacco (Siegel 
et al. 2016). Additional risk factors, such as HPV infection, which are unique to specific 
anatomical sub-sites, have also contributed to differing trends in geographical incidence.  
     In the UK, the overall incidence appears to be on the rise, having increased by 92 % in 
Great Britain alone since the 1970s (Figure 1.2) (Cancer Research UK 2016). However 
significant differences in HNSCC incidence have been reported for the various anatomical 
sub-sites. For example, the incidence rates for oral squamous cell carcinoma (OSCC) and 
OPSCC in England increased by 39 % and 67 %, respectively between 1995 and 2011 (Louie 
et al. 2015). Conversely, the incidence of laryngeal (LSCC) and nasopharyngeal (NSCC) 
squamous cell carcinoma decreased over the same period of time (Louie et al. 2015). In 
addition, HNSCC appears to affect older individuals, with approximately 45 % of annual 
cases being diagnosed in patients aged 65 years and above (Cancer Research UK 2016). Men 
also have a 3-times greater risk of developing HNSCC than females, although the rate of 
incidence in females has increased at a similar rate (Ferlay et al. 2015). 
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Figure 1.2 Head and neck cancer incidence in the UK. European age-standardised head and 
neck cancer (ICD-10 C00-C14 C30-C32) incidence rates per 100,000 population between 
1993 and 2014 in the UK. 
 
1.1.3 Risk factors for developing head and neck cancer 
1.1.3.1 Tobacco and alcohol 
     There are several well-documented risk factors for developing HNSCC. Tobacco and 
excessive alcohol consumption represent the most important risk factors, together accounting 
for more than 75 % of all diagnosed HNSCC cases (Blot et al. 1988). As a result, their 
relative contributions have been extensively examined. Blot et al. were the first to describe an 
association between cigarette smoking and head and neck cancer (Blot et al. 1988). This was 
more recently confirmed in a pooled analysis of 15 case-control studies involving 10,244 head 
and neck cancer case subjects, which demonstrated a 2-fold increased risk of head and neck 
cancer in cigarette smokers compared to never users (Hashibe et al. 2007). Importantly, a 
strong dose-response relationship was observed, with the risk of developing HNSCC rising 
with the frequency, duration and number of pack-years of cigarette smoking (Hashibe et al. 
2007). 
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     The risk of HNSCC is not just limited to cigarette smoking. Cigar and pipe smoking 
impact upon the risk of developing HNSCC, with an odds ratio (OR) of 2.54 (95 % CI: 1.93, 
3.34) and 2.08 (95 % CI: 1.55, 2.81) reported for cigar smokers and pipe smokers, 
respectively (Wyss et al. 2013). The use of smokeless tobacco, particularly chewing of betel 
quid, has become an increasing international problem and has also been linked to the 
development of oral cancer (Travasso 2013). Betel quid is widely consumed in the Indian 
subcontinent and is a combination of betel leaf, areca nut, slaked lime and, often tobacco too. 
The OR of OSCC or OPSCC was 7.74 (95 % CI: 5.38, 11.13) for betel quid with tobacco, 
whereas, the OR was reduced to 2.56 (95 % CI: 2.00, 3.28) for betel quid without tobacco 
(Travasso 2013). 
     Heavy alcohol consumption (> 3 drinks per day) has also been implicated as an 
independent aetiological factor in HNSCC, displaying a dose-response relationship similar to 
that observed with cigarette smoking (Blot et al. 1988, Hashibe et al. 2007, Purdue et al. 
2009). However this association was limited to oropharyngeal, hypopharyngeal and laryngeal 
cancers only (OR: 2.04, 95 % CI: 1.29, 3.21) (Blot et al. 1988, Hashibe et al. 2007). 
Interestingly, the effects of tobacco and alcohol consumption appear to be multiplicative, 
increasing the risk of developing HNSCC by more than 35-fold (Blot et al. 1988). 
1.1.3.2 Viral infection 
     Viral infection is also recognised as an important aetiological factor in HNSCC. The first 
reported association was between the Epstein-Barr virus (EBV) and undifferentiated 
nasopharyngeal squamous cell carcinoma (Old et al. 1966). Antibodies to EBV were detected 
in the sera of African and American patients with nasopharyngeal cancer (Old et al. 1966). 
Further investigations demonstrated the presence of circulating EBV DNA in approximately 
96 % of nasopharyngeal cancer patients compared to only 7 % of healthy control patients (Lo 
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et al. 1999). Moreover, higher levels of circulating EBV DNA were significantly correlated 
with poorer prognosis (Lo et al. 2000). 
     In recent years, mucosotropic high-risk human papilloma viruses (HPV), in particular 
HPV-16, have been implicated as an independent factor in the aetiology of HNSCC. Whilst 
HPV infection has been associated with cancers of the oral cavity, the strongest association is 
with OPSCC (OR: 6.2, 95 % CI: 3.1, 12.1) (Schwartz et al. 1998, Gillison et al. 2000). HPV 
genomic DNA has frequently been detected in the nuclei of OPSCC tumour cells, as well as 
lymph node metastases, but not in the surrounding pathologically normal tissue (Gillison et al. 
2000, Kreimer et al. 2005). Active transcription of the viral oncogenes E6 and E7 has also 
been documented in OPSCC tumours (van Houten et al. 2001). Furthermore, serum 
antibodies against these viral oncogenes have been detected in up to 65 % of OPSCC tumours 
(D'Souza et al. 2007).  
1.1.3.3 Genetic factors 
     Although HNSCC tends to occur sporadically, a familial history has been described, thus 
demonstrating that genetic predisposition may contribute to HNSCC susceptibility (Negri et 
al. 2009). Furthermore, the risk of developing HNSCC appears to be increased in individuals 
with cancer susceptibility syndromes, such as Li-Fraumeni syndrome, Fanconi’s anaemia and 
ataxia telangiectasia (Foulkes et al. 1996). Genetic polymorphisms have been identified in key 
DNA repair genes and enzymes required for the metabolism of tobacco and alcohol (Varela-
Lema et al. 2008, McKay et al. 2011, Cadoni et al. 2012). For example, a meta-analysis of 30 
case-control studies has demonstrated a significant association between certain 
polymorphisms in the metabolic enzymes, Glutathione S-Transferase Mu 1(GSTM1) and 
Cytochrome P450 family member A1 (CYP1A1) and OPSCC (Varela-Lema et al. 2008). 
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1.1.4 Diagnosis of head and neck cancer 
     To make a definitive diagnosis of head and neck cancer, patients usually undergo an 
endoscopy under anaesthetic to allow further clinical examination of the primary tumour. A 
histological diagnosis in most cases is mandatory and so a core biopsy is also taken for 
histological examination. Ultrasound-guided fine needle aspiration cytology (FNA) may also 
be performed as part of the diagnostic assessment of patients presenting with neck lumps or to 
diagnose lymph node metastases (Roland et al. 2016). Following confirmation of the 
suspected diagnosis of head and neck cancer, additional imaging is required to complete 
assessment, classification and staging of the patient’s tumour. Investigations usually include 
computed tomography (CT) and/or magnetic resonance imaging (MRI) scans of the head, 
neck and chest regions, to delineate the size and extent of the primary tumour and to assess 
and locate nodal metastases (Roland et al. 2016).  
 
1.1.5 Management of head and neck cancer 
1.1.5.1 Staging 
     In the UK, head and neck cancers are staged according to the TNM classification, which 
describes the Tumour size, Nodal status and the presence or absence of Metastases. The TNM 
classification for head and neck cancer varies depending on the primary tumour site and sub-
site. However, an example of the TNM staging for oropharyngeal cancer is provided in Table 
1.1. 
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Table 1.1 TNM classification for oropharyngeal cancer (from Mehanna et al. 2016). 
 
1.1.5.2 Treatment 
     For head and neck cancers, the most frequently used treatment modalities are surgery and 
radiotherapy (Mehanna et al. 2010). However, the specific treatment strategy will depend on 
the primary tumour site/sub-site, the TNM staging and individual factors, for example the 
general health of the patient and patient preferences (Nutting 2016). Single modality treatment 
is most often used for early-stage tumours. Surgical excision and radiotherapy provide similar 
cure rates (Nutting 2016). Surgical excision usually achieves complete microscopic clearance 
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of the tumour, although for cancers where physical function is important, radiotherapy offers 
better organ preservation and future quality of life (Nutting 2016). For advanced tumours, the 
single modality approach usually leads to poor clinical outcome (Bhalavat et al. 2003). In 
these cases, chemoradiotherapy or a combination of surgery and post-operative radiotherapy 
tend to provide a better cure rate (Wolf et al. 1991, Bhalavat et al. 2003). For patients 
presenting with recurrent or metastatic disease, treatment options are limited and usually 
palliative (Mehanna et al. 2010). However, a recent phase III randomised trial involving 
recurrent HNSCC patients whose disease had progressed within six months of receiving 
platinum-based chemotherapy found that treatment with the therapeutic anti-PD-1 monoclonal 
antibody Nivolumab significantly extended the median overall survival by two months when 
compared with standard, single-agent therapy (methotrexate, docetaxel or Cetuximab) (Ferris 
et al. 2016). Furthermore, treatment with Nivolumab was associated with reduced toxicity 




     The prognosis for patients with head and neck cancer is generally poor, although it varies 
considerably depending on the anatomical site of the primary tumour and the TNM 
classification (Mehanna et al. 2010). Patients with squamous cell carcinoma of the lip 
generally display the most favourable outcome, with a 5-year survival rate of approximately 
90 %, whereas patients with squamous cell carcinoma of the hypopharynx tend to have the 
poorest outcome, with a 5-year survival rate of only 32 % (Siegel et al. 2016). Details of the 
5-year survival rates for different head and neck cancer sites are presented in Table 1.2. 
 
Chapter 1  General Introduction 
 







Table 1.2 Survival rates for patients with head and neck cancer. 5-year survival rates (%) for 
patients diagnosed with head and neck cancer in the USA between 2005-2011 (from Siegel et 
al. 2016). 
 
     Fewer than a third of head and neck cancer patients are diagnosed at early stage and 
approximately 50 % of patients who present with locally advanced disease will develop 
regional or distant relapses (Argiris et al. 2008, Ferlay et al. 2015). Furthermore, it is expected 
that ~55 % of patients diagnosed with head and neck cancer will die from their disease 
(Ferlay et al. 2015). Last year alone, there were 376,665 head and neck cancer-related deaths 
worldwide (Ferlay et al. 2015). In the UK, the age-standardised mortality rate has risen by 21 
% over the last decade (Cancer Research UK 2016), with more than 9,600 deaths reported in 
2015 (Ferlay et al. 2015). 
 
1.2 Oropharyngeal squamous cell carcinoma 
1.2.1 Basic anatomy of the oropharynx 
     The oropharynx is a subdivision of the pharynx and is located between the soft palate and 
superior border of the epiglottis. The structure comprises the soft palate, base of tongue 
(posterior one third of the tongue), palatine tonsils, lingual tonsils, the tonsillar pillars and 
posterior pharyngeal wall (Figure 1.3). 
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Figure 1.3 Anatomical sub-sites of the human oropharynx. Illustration showing the sub-sites 
of the oropharynx (adapted from Lynch 2006). 
 
1.2.2 Epidemiology and incidence of oropharyngeal squamous cell carcinoma 
     Several studies have reported a dramatic rise in the prevalence of OPSCC, most notably 
among younger individuals (Chaturvedi et al. 2008, Chaturvedi et al. 2013). In the UK, the 
incidence of OPSCC has more than doubled between 1990 and 2006 (Price et al. 2010). A 
significant increase in OPSCC incidence has also been observed in other economically 
developed countries, including the US, Australia, Japan, Canada and Slovakia (Chaturvedi et 
al. 2013). 
     This global increase in OPSCC incidence has mainly been attributed to oral HPV 
infection. Consistent with this, several studies have demonstrated a relatively high prevalence 
of HPV-16, particularly among younger HNSCC patients who are less likely to have a history 
of tobacco or heavy alcohol consumption and are also less likely to harbour TP53 mutations 
(Gillison et al. 2000, Kreimer et al. 2005, D'Souza et al. 2007, Chaturvedi et al. 2008, 
Mehanna et al. 2012, Chaturvedi et al. 2013). Furthermore, the majority of HPV-positive 
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HNSCC cases were found to be OPSCCs, with HPV-16 prevalence varying depending on 
OPSCC sub-site (Gillison et al. 2000, Kreimer et al. 2005, Attner 2013). However, a meta-
analysis of 269 studies and 19,368 patients demonstrated that the overall HPV prevalence in 
OPSCC increased from 40 % in 2000 to 71 % in 2009 (Mehanna et al. 2012). 
     Importantly, tumour HPV status has been revealed to be a strong independent factor 
determining OPSCC patient prognosis (Gillison et al. 2000, Chaturvedi et al. 2008, Ang et al. 
2010). Retrospective analyses have consistently demonstrated that HPV-positive OPSCC 
patients have considerably higher overall survival rates than HPV-unrelated OPC patients (3-
year survival: 82 % vs. 57 %) (Gillison et al. 2000, Chaturvedi et al. 2008, Ang et al. 2010). 
Furthermore, HPV-positive OPSCC patients have been shown to respond better to a number 
of different treatment modalities and strategies when compared with HPV-negative OPSCC 
patients (Licitra et al. 2006, Fakhry et al. 2008, Ang et al. 2010). 
     Oral HPV infection is thought to be a sexually transmitted disease. A pooled analysis of 
eight separate multinational studies found that the risk of developing OPSCC was increased in 
participants who had a history of six or more lifetime sexual partners (OR: 1.25, 95 % CI: 
1.01, 1.54), four or more lifetime oral sexual partners (OR: 2.25, 95 % CI: 1.42, 3.58) and, in 
males participants, an earlier age at sexual debut (OR: 1.59, 95 % CI: 1.09, 2.33) (Heck et al. 
2010). It is therefore thought that the increasing incidence of HPV-positive OPSCC may be 
due to changes in sexual behaviour and practices. 
 
1.2.3 Human papilloma virus 
     Human papilloma viruses are a diverse group of non-enveloped, circular double-stranded 
DNA viruses that infect the mucosal and cutaneous epithelia (Figure 1.4A). To date, most of 
the knowledge regarding the normal productive life cycle of these viruses has been obtained 
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from studies conducted on human foreskin keratinocytes and cervical cancer cell lines. HPV 
viral infection is thought to occur at the basal cell layer of keratinocytes through micro-
wounding or micro-abrasion of the epithelium (Doorbar et al. 2012). Following successful 
infection of a basal keratinocyte, the early viral replication proteins E1 and E2 maintain the 
viral genome at low copy numbers in episomal form to avoid immune detection (Angeletti et 
al. 2002, Doorbar et al. 2012). As the basal keratinocytes migrate up in to the parabasal layers 
they begin to differentiate and lose their nuclei, at which point they are no longer able to 
proliferate. Viral genome amplification, however, is entirely dependent on the host replication 
machinery. The virus therefore initiates the expression of the early E6 and E7 oncoproteins, 
which drive proliferation of keratinocytes in the parabasal layers, thus enabling continued 
viral genome replication (Betiol et al. 2013). As the infected keratinocytes continue to 
differentiate, expression of the late viral L1 and L2 proteins is induced to allow packaging of 
the viral genome into infectious particles (Doorbar et al. 2012). The early viral E4 and E5 
proteins are thought to support viral replication and maturation. 
     The two principal oncoproteins E6 and E7 disrupt critical cellular processes, such as cell 
proliferation, differentiation and apoptosis, thus retaining cells in a state favourable for virus 
replication. As such, they represent a crucial component in HPV-induced malignant 
transformation and progression. The most well known functions of E6 and E7 are their 
associations with the host tumour suppressor proteins p53 and Retinoblastoma (pRb), 
respectively (Figure 1.4B). 
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Figure 1.4 The productive life cycle of HPV. A – HPV gains access to the basal cell layer of 
keratinocytes through a micro-wound in the epithelium. Following successful infection, the 
HPV genome is maintained at a low copy number. As the keratinocytes begin to differentiate 
and migrate in to the parabasal layers, expression of the viral oncoproteins E6 and E7 is 
induced to maintain keratinocytes in a proliferative state. Viral genome amplification and 
expression of the late viral proteins L1 and L2 is also induced as the keratinocytes continue to 
differentiate, thus allowing packaging of the amplified viral genomes in to infectious viral 
particles. The viral particles are thought to be released by natural tissue desquamation. B – 
The viral oncoproteins E6 and E7 target the tumour suppressor proteins p53 and pRb, 
respectively, for ubiquitination and subsequent proteasomal degradation. Degradation of pRb 
induces cell cycle progression and cell proliferation. Degradation of p53 prevents cell 
apoptosis, triggered by aberrant cell growth signals (adapted from Andersen et al. 2014). 
 
     p53 is arguably one of the most critical ‘cellular gatekeepers’ owing to its ability to 
regulate cellular responses to DNA damage, deregulated cell growth and cell stress. It is a 
sequence-specific transcription factor that binds to p53 response elements upstream of 
numerous target genes, the majority of which encode proteins involved in cell cycle 
regulation, apoptosis, senescence, DNA repair and angiogenesis (Vogelstein et al. 2000, 
Levine, Oren 2009). The E6 oncoprotein is able to functionally inactivate p53 via two distinct 
mechanisms, thus inhibiting p53-mediated apoptosis. It associates with the HECT domain 
ubiquitin ligase E6-associated protein (E6AP) to induce the ubiquitination and subsequent 
proteasomal degradation of p53 (Scheffner et al. 1990, Scheffner et al. 1993). In addition, an 
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interaction between E6AP-bound E6 and the transcriptional co-activator CBP/p300 has been 
reported (Zimmermann et al. 1999). CBP/p300 is required for effective acetylation of p53, a 
post-translational modification that enhances p53 stability and transcriptional activity (Xie et 
al. 2013, Zimmermann et al. 1999). 
     The nuclear phosphoprotein pRb constitutes another major cell cycle regulator and is 
responsible for the regulation of the host-encoded E2F transcription factors. In the 
hypophosphorylated state, pRb represses transcription of E2F-responsive genes required for 
cell cycle progression (Giacinti, Giordano 2006). The pRb-E2F complex also recruits histone 
deacetylase 1 (HDAC1), which further represses gene transcription by deacetylating 
nucleosomes, leading to chromosome compaction (Brehm et al. 1998). Phosphorylation of 
pRb by the cyclin D1-CDK4/6 complex (whose activity is tightly regulated by the CDK 
inhibitor, p16/INK4) inactivates pRb resulting in the release of E2F and the subsequent 
transcription of S-phase genes (Giacinti, Giordano 2006). The viral E7 oncoprotein associates 
with the CUL2 multi-subunit ubiquitin ligase complex and targets pRb for proteasomal 
degradation, leading to deregulated cell proliferation (Munger et al. 1989, Huh et al. 2007). 
Aberrant cell proliferation usually triggers p53-mediated apoptosis. However, due to E6 
inactivation of p53, cell apoptosis is inhibited, thus allowing further deregulated cell 
proliferation. However, whilst both viral oncoproteins act in concert to promote 
tumourigenesis, expression of E6 and E7 alone are insufficient for malignant progression 
(Munger et al. 1992). Given that not all HPV-infected individuals develop cancer, additional 
genetic alterations must be required. 
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1.3 The molecular biology of head and neck cancer 
1.3.1 Molecular heterogeneity of head and neck cancer 
     Several lines of investigation have demonstrated that HNSCC is a heterogeneous group of 
malignancies, displaying vastly different biological and clinical features (Chung et al. 2004, 
Walter et al. 2013, Rampias et al. 2013, Keck et al. 2015, Cancer Genome Atlas Network 
2015). Genetic profiling studies have identified numerous subclasses of HNSCC based upon 
their gene expression profiles. Chung et al. were the first to report four distinct HNSCC 
subtypes, which were associated with differing prognoses (Chung et al. 2004). These disease 
subtypes were later validated in an independent cohort of HNSCC patients and were referred 
to as basal (BA), mesenchymal (MS), atypical (AT) and classical (CL), based upon their 
molecular and morphological characteristics (Walter et al. 2013). Interestingly, these subtypes 
were consistent with gene expression patterns previously identified in squamous cell 
carcinomas of the lung (Cancer Genome Atlas Research Network 2012).  
     HNSCC patients who fell into the BA subgroup displayed the poorest clinical outcome and 
were associated with elevated expression of the growth factor and receptor TGFα and EGFR 
(Chung et al. 2004, Walter et al. 2013). On the other hand, gene expression in the AT 
subgroup was associated with a strong HPV-positive signature, with increased expression of 
CDKN2A (Chung et al. 2004, Walter et al. 2013). The subgroup also demonstrated the best 
clinical outcome (Chung et al. 2004, Walter et al. 2013). CL tumours had a gene expression 
pattern consistent with exposure to cigarette smoking, frequently demonstrating 
overexpression of the xenobiotic metabolism genes AKR1C1/3 and GPX2 (Chung et al. 2004, 
Walter et al. 2013). In contrast, tumours in the MS subgroup were found to overexpress 
several genes involved in epithelial-to-mesenchymal transition, such as the mesenchymal 
marker vimentin (Chung et al. 2004, Walter et al. 2013). 
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     Further genomic analyses of datasets enriched for HPV-positive tumours have found that 
HPV-positive HNSCC can be further subdivided into two distinct subtypes based on 
differential gene expression (Keck et al. 2015). Additional HNSCC subtypes have also been 
identified based on unique epigenetic signatures (Lechner et al. 2013). Such heterogeneity 
amongst HNSCC tumours will undoubtedly have important implications, not only for tumour 
classification, patient prognostication and treatment planning, but also for research into the 
molecular mechanisms underlying HNSCC. 
 
1.3.2 Pathogenesis of head and neck cancer 
     As with many cancers, the initiation and progression of HNSCC is thought to result from 
the gradual accumulation of genetic and epigenetic alterations in fundamental signalling 
pathways within the squamous epithelium. Many of these alterations have been identified in 
common premalignant lesions of HNSCC, such as oral leukoplakia, and further molecular and 
genetic analyses have elucidated a model of genetic progression from premalignant lesions to 
invasive carcinoma (Haddad, Shin 2008) (Figure 1.5). This large body of research has also 
highlighted the few oncogenes and tumour suppressor genes, which are frequently targeted by 
activating or inactivating mutations, gene expression changes and altered gene methylation in 
HNSCC tumourigenesis (Agrawal et al. 2011, Stransky et al. 2011, Lechner et al. 2013, 
Cancer Genome Atlas Network 2015). Some of the most critically altered signalling pathways 
are those involved in squamous epithelial cell proliferation, differentiation and survival, and 
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Figure 1.5 Proposed model of the genetic progression of head and neck cancer. Head and 
neck cancer is thought to progress from a normal histological appearance through to 
metastatic carcinoma via a multi-step process, which involves the gradual accumulation of 
genetic and epigenetic alterations. These include loss of heterozygosity (LOH) of certain 
chromosomes and amplification/deletion or upregulation/downregulation of specific 
oncogenes and tumour suppressor genes (from Haddad, Shin 2008). 
 
1.3.2.1 Cell proliferation: p53 and pRb pathways 
     The p53 and pRb tumour suppressor pathways play a vital role in the regulation of the cell 
cycle and dysregulation of both pathways remains a crucial early event in HNSCC 
tumourigenesis. TP53 mutations represent one of the most common genetic alterations in 
HNSCC. Next-generation sequencing efforts have found that TP53 mutations exist in 
approximately 50-80 % of HNSCC cases (Agrawal et al. 2011, Stransky et al. 2011). 
Furthermore, loss of p53 function through its interaction with the HPV E6 oncoprotein or loss 
of heterozygosity (LOH) is thought to occur in an additional 20 % of HNSCC tumours 
(Scheffner et al. 1990, Agrawal et al. 2011, Stransky et al. 2011). In the remaining tumours 
harbouring wild-type TP53, disruption of the p53 pathway may be achieved by specific 
targeting of p53-related genes. For example, gene amplification or upregulation of MDM2, a 
negative regulator of p53, is often found in HNSCC tumours (Denaro et al. 2011). 
Alternatively, these tumours may undergo p53-independent malignant progression (Leemans 
et al. 2011). 
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     Similarly, inactivating mutations in the pRb pathway are often observed in HNSCC 
tumours. For example, the CCDN1 gene, which encodes cyclin D1, is frequently amplified or 
overexpressed in HPV-negative HNSCC tumours (Leemans et al. 2011). Furthermore, the 
CDKN2A gene, which is located on chromosome 9p21, is often inactivated through loss of 
heterozygosity and/or mutation or methylation (Reed et al. 1996). The CDKN2A gene 
encodes two cell cycle regulators, p16/INK4A and p14/ARF, which are involved in the 
negative regulation of the CDK4/6 cyclin-dependent kinases and MDM2, respectively. Loss 
of CDKN2A therefore promotes MDM2-mediated degradation of p53 and enables cells to 
bypass the cell cycle inhibitory effects of pRb. Functional inactivation of both p53 and Rb 
pathways in oral keratinocytes therefore leads to deregulated cell proliferation and cellular 
immortalisation (Smeets et al. 2011). 
1.3.2.2 Cell differentiation: NOTCH signalling pathway 
     NOTCH signalling has been implicated in numerous biological processes, including 
regulation of the cell cycle, self-renewal capacity and cell survival (Rothenberg, Ellisen 
2012). NOTCH signalling has also been reported to play a crucial role in regulating cell-fate 
decisions and has been proposed to modulate keratinocyte differentiation and maturation 
(Rangarajan et al. 2001, Nickoloff et al. 2002). Whole-exome sequencing studies have 
recently identified a significant number of inactivating NOTCH1 mutations in HNSCC 
tumours, with mutations present in approximately 15 % of patients (Agrawal et al. 2011, 
Stransky et al. 2011). Furthermore, additional mutations were identified in downstream 
NOTCH signalling pathway genes and NOTCH family members (Agrawal et al. 2011, 
Stransky et al. 2011). As the majority of genetic alterations were classified as inactivating 
mutations, it was hypothesised that NOTCH may act as a tumour suppressor in HNSCC 
(Agrawal et al. 2011).  
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     Consistent with this finding, abrogation of NOTCH1 led to the formation of basal cell 
carcinoma-like tumours in NOTCH1-deficient mice following topical treatment with a 
chemical carcinogen (Nicolas et al. 2003). In addition, NOTCH1 has been shown to inhibit 
HPV E6 and E7 expression, further demonstrating a role for NOTCH1 in tumour suppression 
(Talora et al. 2002). However, recent investigations have uncovered a series of activating 
NOTCH1 mutations in Chinese patients with OSCC, thus suggesting that NOTCH signalling 
may promote malignant progression in a subset of HNSCC patients (Song et al. 2014, Sun et 
al. 2014). Activating mutations were present in 32-43 % of HNSCC tumours and were 
significantly correlated with lymph node metastasis and poor overall clinical outcome (Song 
et al. 2014, Sun et al. 2014). 
1.3.2.3 Cell survival: EGFR signalling pathway 
     The epidermal growth factor (EGF) receptor (EGFR) is a member of the HER family of 
cell surface tyrosine kinase receptors, which acts upstream of the Ras/MAPK and 
PI3K/PTEN/Akt signalling pathways to orchestrate a number of biological functions, 
including cell proliferation and survival. The EGFR is ubiquitously overexpressed in HNSCC 
and has been associated with loco-regional recurrence and a reduction in overall and disease-
free survival in HNSCC patients (Rubin Grandis et al. 1998, Ang et al. 2002, Keren et al. 
2014). Furthermore, retroviral transduction of EGFR has been demonstrated to induce the in 
vitro transformation of normal oral keratinocytes (Goessel et al. 2005). 
     Genetic alterations in EFGR are relatively uncommon in HNSCC tumours. TCGA data 
analyses have detected EGFR gene alterations in only 14 % of HNSCC patients (Cerami et al. 
2012, Gao et al. 2013). However, a variant of the receptor, known as EGFRvIII, has been 
reported in 42 % of HNSCC tumours (Sok et al. 2006). EGFRvIII is a constitutively active 
truncation mutant, which has been described in several other cancer types (Sok et al. 2006). 
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By contrast, genetic alterations in the downstream signalling effectors are much more 
common in HNSCC. PIK3CA encodes a positive regulator of the PI3K signal transduction 
pathway. The TCGA data revealed PIK3CA activating mutations and/or gene amplification in 
37 % of HNSCC tumours (Cerami et al. 2012, Gao et al. 2013). The PI3K negative regulator 
PTEN is also targeted in up to 40 % of HNSCC tumours through loss of heterozygosity or 
inactivating mutation (Shao et al. 1998, Rothenberg, Ellisen 2012). 
 
1.4 Pituitary Tumor Transforming Gene (PTTG) 
1.4.1 The PTTG gene 
     PTTG was initially characterised by Pei et al. through mRNA differential display PCR to 
identify mRNAs highly expressed in rat pituitary tumour GH4 cells but not expressed in 
normal pituitary tissue (Pei, Melmed 1997). The human homologue (hPTTG) was 
subsequently cloned and was found to be expressed in the thymus (Dominguez et al. 1998), 
foetal liver (Zhang et al. 1999) and testis (Kakar, Jennes 1999). The hPTTG gene is located on 
chromosome 5q33 and encodes a 202 amino acid protein, which shares significant homology 
with rat PTTG (89 % homology at protein level) (Zhang et al. 1999). Further investigations 
revealed that both rat and human PTTG are transforming in vitro and tumourigenic in vivo, 
thus implying PTTG may function as a proto-oncogene (Pei, Melmed 1997, Zhang et al. 
1999, Wang, Melmed 2000). 
1.4.1.1 PTTG protein structure 
     Human PTTG is very hydrophilic and comprises a predominantly basic amino acid-rich 
regulatory amino (N)-terminal region (from position 58 to 101) and a largely acidic amino 
acid-rich functional carboxyl (C)-terminal region (Zhang et al. 1999) (Figure 1.6). The N-
terminal regulatory domain is rich in lysine residues and consists of a KEN box and 
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Destruction (D-box) box (RKALG(T or N)VN) (Zhang et al. 1999, Zou et al. 1999). These 
two conserved motifs target PTTG for ubiquitination by the anaphase-promoting 
complex/cyclosome (APC/C) E3 ubiquitin ligase, thus promoting the degradation of PTTG by 
the 26S proteasome during mitosis (Zou et al. 1999, Zur, Brandeis 2001). On the other hand, 
the C-terminal functional domain contains two proline-rich PXXP motifs, which form an Src-
homology (SH-) 3-binding site (Kakar, Jennes 1999). These PXXP motifs appear to be 
critical for PTTG function (Zhang et al. 1999, Pei 2000, Boelaert et al. 2004). Mutation of the 
key proline residues abrogates its transforming and tumour-inducing properties, as well as its 
ability to stimulate basic fibroblast growth factor (bFGF) expression and secretion (Zhang et 
al. 1999, Pei 2000). Other important domains include the DNA binding and transactivation 
domains, both of which appear to be critical for PTTG transcriptional activity (Pei 2000, 





Figure 1.6 Schematic representation of the human PTTG protein structure. PTTG comprises 
a predominantly regulatory N-terminus, consisting of a KEN box domain and a Destruction 
box (D-box) domain. The functional C-terminus is composed of a DNA binding domain, a 
transactivation domain (PBF binding domain also within this region), and an SH3-binding 
site. Regulatory and functional domains, SH3-binding sites and important amino acid 
residues are indicated. 
 
1.4.1.2 Expression and subcellular localisation of PTTG 
     In normal adult tissue, abundant PTTG mRNA expression is present in the thymus and 
testis (Dominguez et al. 1998, Zhang et al. 1999, Kakar, Jennes 1999). Lower levels of 
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expression have also been observed in the colon, small intestine, brain, placenta and lung 
(Dominguez et al. 1998, Zhang et al. 1999). Elevated expression of PTTG has been noted in a 
number of human cancer cell lines and tumours (see section 1.4.3 below) (Zhang et al. 1999). 
In contrast, in human foetal tissue, PTTG mRNA expression is only detectable in the liver 
(Zhang et al. 1999).  
     The precise subcellular localisation of PTTG remains controversial. Initial reports 
suggested that PTTG was mainly cytoplasmic, although partial nuclear staining was evident 
(Dominguez et al. 1998, Stratford et al. 2005). However, further immunofluorescent and 
subcellular fractionation studies have demonstrated predominantly nuclear localisation (Yu et 
al. 2000b). PTTG was detectable in JEG-3 cells transfected with wild type, FLAG- or EGFP-
tagged PTTG constructs throughout the cell but was found to be more concentrated within the 
nucleus (Yu et al. 2000b).  
1.4.1.3 Regulation of PTTG gene expression 
     Oestrogen was the first reported regulator of PTTG mRNA expression. Rat pituitary PTTG 
mRNA expression was found to be significantly upregulated following oestrogen treatment in 
rat pituitary somato-lactotroph GH3 cells, both in a time- and dose-dependent manner 
(Heaney et al. 1999). In vivo administration of oestrogen in Fischer 344 rats was also 
associated with the induction of PTTG mRNA expression, with expression levels remaining 
elevated throughout the 14-week treatment schedule (Heaney et al. 1999). Importantly, co-
treatment with a selective inhibitor of oestrogen, ICI-182780, abrogated oestrogen-induced 
pituitary PTTG expression in vivo (Heaney et al. 2002). 
     Insulin and insulin-like growth factor-1 (IGF-1) have also been implicated in regulating 
PTTG expression. Expression of either hormone or growth factor resulted in a 2.5-fold 
induction of PTTG mRNA and protein expression in MCF-7 human breast cancer cells 
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(Thompson, Kakar 2005). This effect was mediated through activation of both Ras-mitogen-
activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)-Akt pathways 
(Thompson, Kakar 2005). Interestingly, these same signalling pathways have also been 
implicated in the upregulation of PTTG expression by epidermal growth factor (EGF) and 
transforming growth factor-α (TGFα) in U87 human glioma cells (Tfelt-Hansen et al. 2004) 
and K1/TPC-1 thyroid cells (Lewy et al. 2013). 
     Transcription factors including, specific protein-1 (Sp1), and, to a lesser degree, nuclear 
factor-Y (NF-Y), are critical regulators of basal PTTG transcription (Clem et al. 2003). Site-
directed mutagenesis of the Sp1 binding site within the PTTG promoter region led to a 70 % 
reduction in PTTG promoter activity (Clem et al. 2003). Mutation of the NF-Y consensus 
sequence resulted in a 25 % decrease in transcriptional activation of the PTTG promoter 
(Clem et al. 2003). Screening of the PTTG promoter region revealed a putative T-cell factor-4 
(TCF4) binding site, suggesting PTTG may also be a target for the β-catenin/TCF pathway 
(Zhou et al. 2005). Luciferase reporter assays demonstrated that the PTTG promoter, 
containing the TCF4 binding element, was activated in the presence of β-catenin but was 
inhibited by a dominant-negative form of TCF (Zhou et al. 2005). In addition, PTTG mRNA 
and protein levels appeared to be elevated in HEK293 cells overexpressing β-catenin and 
positively correlated with β-catenin subcellular localisation in human oesophageal squamous 
cell carcinoma (Zhou et al. 2005). 
 
1.4.2 The molecular functions of PTTG 
1.4.2.1 The human securin 
     Several lines of evidence led to the discovery that PTTG encodes the human securin. 
Analysis of HeLa cells arrested in various stages of the cell cycle demonstrated cell cycle-
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dependent expression of PTTG, with protein expression peaking during mitosis (Zou et al. 
1999, Ramos-Morales et al. 2000). Furthermore, PTTG was preferentially phosphorylated in 
mitosis (Figure 1.7). Securins play an important role in sister chromatid separation during the 
metaphase-anaphase transition in mitosis. Their proper functioning is imperative, as defects in 
sister chromatid separation result in aneuploidy and chromosomal instability, a major 
hallmark of cancer (Cahill et al. 1998, Jallepalli et al. 2001, Kim et al. 2005, Mora-Santos et 
al. 2013). The process is therefore rigorously regulated to ensure the timely bi-orientation of 
chromosomes on mitotic spindles and equal sister chromatid segregation. In eukaryotic cells, 
the replicated pairs of sister chromatids are held together by the multiunit cohesin complex. 
Two distinct mechanisms induce cohesin dissociation. During prophase, the majority of 
cohesin bound to chromosome arms is degraded via Aurora B and Polo-like kinase (PLK)-1 
activity (Losada et al. 2002, Sumara et al. 2002, Waizenegger et al. 2000). Then during the 
onset of anaphase, any remaining cohesin is cleaved by the cysteine protease separase 
(Waizenegger et al. 2000). The latter process is tightly regulated by the APC/C (Zou et al. 
1999, Zur, Brandeis 2001), which ubiquitinates, and consequently induces the degradation of, 
PTTG in a KEN- and D-box-dependent manner (Zur, Brandeis 2001, Zou et al. 1999). As 
separase function is inhibited by PTTG binding, degradation by the APC/C leads to release of 
separase and cleavage of cohesin, thus enabling sister chromatid separation (Zou et al. 1999, 
Zur, Brandeis 2001). Of note, CDK1-cyclin B1 can also regulate separase activity 
independently of securin, in both a positive and negative manner. Upon entry into mitosis, 
separase is rendered catalytically inactive by CDK1-mediated phosphorylation at position 
S1126 (Gorr et al. 2005). However, subsequent associations with CDK1-cyclin B1 stabilise 
phosphorylated separase, holding it in an inhibited, yet activatable form, which is released 
upon APC/C-mediated cyclin B1 degradation (Hellmuth et al. 2015). 
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Figure 1.7 Human PTTG expression during the cell cycle. A – Western blot analysis of 
extracts from HeLa cells arrested in the various phases of the cell cycle. Immunoblotting was 
performed using a polyclonal anti-hPTTG antibody, with double-banding during mitosis 
representing phosphorylated PTTG. B – Scanning densitometry of the immunoblot showing 
peak PTTG expression during mitosis. G1 = gap 1 checkpoint, S = synthesis, G2 = gap 2 
checkpoint, M = mitosis (figure from Ramos-Morales et al. 2000). 
 
1.4.2.1 Transactivation 
     The partial nuclear localisation of PTTG, as well as the presence of an acidic 
proline/glutamic acid-rich C-terminus, commonly associated with eukaryotic transactivation 
domains led to the speculation that PTTG may function as a gene transactivator (Dominguez 
et al. 1998, Wang, Melmed 2000). Indeed, murine PTTG exhibited transactivation activity, 
which positively correlated with PTTG’s transforming ability in NIH3T3 cells (Wang, 
Melmed 2000). Accordingly, the C-terminal portion of hPTTG was capable of activating 
transcription of the his3 and lacZ genes in S. cerevisiae (Dominguez et al. 1998). Further 
confirmation of PTTG transcriptional activity came from cDNA expression arrays. Total 
RNA harvested from HeLa cells, 0 hours and 24 hours post-PTTG induction, was screened 
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for expression of a total of 84 known gene transcripts (Pei 2001). Of these, c-Myc, MEK1 and 
HSP70 were identified, and subsequently confirmed by Northern blot analysis, as being 
differentially expressed following upregulation of PTTG (Pei 2001). More recent chromatin 
immunoprecipitation (ChIP)-on-ChIP assay performed in JEG-3 cells has identified a further 
746 promoters enriched by PTTG, thereby suggesting a more global effect of PTTG on 
transcriptional regulation (Tong et al. 2007). 
1.4.2.2 DNA damage and repair 
     Using a yeast two-hybrid system, the Ku-70 heterodimer was identified as a specific 
interacting partner of PTTG (Romero et al. 2001). Ku-70 forms the regulatory subunit of the 
DNA-dependent protein kinase complex (DNA-PK), an important enzyme involved in the 
repair of DNA double-strand breaks (DSB). Repair of DSBs in mammalian cells typically 
involves one of two major pathways: homologous recombination (HR), which is a highly 
accurate repair system, requiring the homologous sister chromosome as a template for DNA 
repair, and non-homologous end joining (NHEJ), which is relatively error-prone. DNA-PK is 
required for NHEJ repair. In response to DNA damage, Ku-70-PTTG associations are 
disrupted, resulting in the release of Ku-70, which is then able to bind to DNA ends and 
recruit the catalytic subunit of DNA-PK (DNA-PKcs) to DNA DSBs, thereby enabling repair 
of the damaged DNA (Romero et al. 2001, Kim et al. 2007b). DNA-PKcs is also able to 
phosphorylate PTTG in vitro (Romero et al. 2001). PTTG may therefore represent a crucial 
link between DNA damage pathways and sister chromatid separation by delaying the onset of 
mitosis to allow DNA repair to be completed.  
     Loss of PTTG expression has also been associated with impaired proliferative capacity and 
altered NHEJ repair following DNA damage in human colorectal cancer HCT116 cells 
(Bernal et al. 2008). Furthermore, PTTG is required for arrest of cell proliferation following 
Chapter 1  General Introduction 
 
   28 
ultraviolet (UV) radiation (Romero et al. 2004). UV irradiation caused a rapid reduction in 
PTTG protein expression via specific inhibition of PTTG mRNA translation (Romero et al. 
2004) and SKP1-CUL1-βTrCP-mediated ubiquitination and subsequent proteasomal 
degradation of PTTG (Romero et al. 2004, Limon-Mortes et al. 2008). Drug-induced DNA 
damage also results in a marked decrease in PTTG expression but requires functional p53 
(Zhou et al. 2003b). Further investigation revealed that p53, activated in response to 
bleomycin- and doxorubicin-induced DNA damage, inhibited binding of NF-Y to the PTTG 
promoter, thereby repressing PTTG transcription (Zhou et al. 2003b). These data thus 
implicate p53 in the regulation of PTTG expression following genotoxic stress. 
 
1.4.3 PTTG and tumourigenesis 
     Overexpression of PTTG has been well documented in several human cancer cell lines, 
including HepG2 hepatoma cells, haematopoietic cells (HL-60 and K-562), HeLa S3 cervical 
carcinoma cells, SW480 colorectal adenocarcinoma cells, breast cancer cells (MCF-7), 
ovarian tumour cells (CaO4, PA1, SKOV3 and VOI101) and oral squamous carcinoma cell 
lines (Ca9-22) (Kakar, Jennes 1999, Zhang et al. 1999, Lee et al. 1999, Laio et al. 2011). 
Abundant PTTG expression has also been observed in a wide range of human tumours, such 
as pituitary (Saez et al. 1999), colon (Heaney et al. 2000), thyroid (McCabe, Gittoes 1999), 
breast (Solbach et al. 2004) and head and neck cancers (Solbach et al. 2006, Zhang et al. 
2014). Importantly, PTTG upregulation has been independently associated with advanced 
tumour stage, tumour recurrence and reduced disease-specific survival and may provide an 
additional prognostic marker to aid in the diagnosis and treatment of multiple cancer types 
(Shibata et al. 2002, Solbach et al. 2006, Solbach et al. 2004, Ito et al. 2008, Yan et al. 2009, 
Boelaert et al. 2003a). Together, these data suggest that PTTG may play a significant role in 
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tumourigenesis. Indeed, potent cellular transformation has been demonstrated in human 
embryonic kidney (HEK293) cells expressing wild-type PTTG (Hamid et al. 2005). 
Furthermore, overexpression of PTTG in NIH3T3 mouse fibroblast cells induced anchorage-
independent growth in soft agar and, when subcutaneously injected in to athymic nude mice, 
resulted in gross tumour formation (Pei, Melmed 1997, Zhang et al. 1999). Identification of a 
C-terminal double PXXP motif revealed that both transactivating and transforming functions 
of PTTG are linked, as mutation or deletion of these putative SH3-binding sites prevented 
PTTG-mediated transactivation of downstream target genes in vitro, and inhibited in vivo 
tumour formation (Zhang et al. 1999, McCabe et al. 2002, Boelaert et al. 2004). 
1.4.3.1 PTTG as a gene transactivator 
     Several mechanisms have been proposed for PTTG’s role in the initiation and progression 
of tumours and detailed analysis has uncovered numerous genes involved in cell proliferation 
and angiogenesis whose expression can be transcriptionally regulated by PTTG. Expression 
and secretion of bFGF in response to PTTG overexpression was initially discovered in 
NIH3T3 cells (Zhang et al. 1999, Ishikawa et al. 2001). Interestingly, alteration of the SH3-
binding site by mutagenesis disrupted both expression and secretion of bFGF, whereas a non-
phosphorylatable (S165A) form of PTTG was still able to upregulate bFGF expression 
(Zhang et al. 1999, Ishikawa et al. 2001, Boelaert et al. 2004). In addition, conditioned 
medium from NIH3T3 hPTTG-transfectants stimulated proliferation, migration and tube-
formation of human umbilical vein endothelial cells (HUVEC) in vitro. Addition of a 
neutralising anti-bFGF antibody to the medium prohibited these angiogenic actions (Ishikawa 
et al. 2001). The pro-angiogenic growth factor, vascular endothelial growth factor (VEGF), is 
also highly expressed in tumours demonstrating upregulated levels of PTTG (McCabe et al. 
2002). Increased VEGF expression was also noted in MCF-7, JEG-3 and human foetal 
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neuronal NT-2 cells transfected with wild type PTTG and was again abrogated upon deletion 
or mutation of the PTTG SH3-binding domain (McCabe et al. 2002).  
     The TRβPV mouse model expresses a dominant-negative form of the thyroid hormone 
receptor β and spontaneously develops follicular thyroid cancer with distant metastases. 
Previous microarray analysis has revealed that these mice overexpress PTTG by 
approximately 5-fold (Ying et al. 2003). TRβPV mice lacking PTTG expression (TRβPV 
PTTG-/-) exhibited a significant reduction in vascular invasion, when compared with TRβPV 
PTTG+/+ control mice (Kim et al. 2007a). This effect was associated with a decrease in 
mortality in TRβPV PTTG-/- mice and was further corroborated by an observed reduction in 
immunohistochemical staining of the endothelial marker CD31 in the thyroids of these mice 
(Kim et al. 2007a). Importantly, TRβPV PTTG-/- mice exhibited diminished mRNA 
expression levels for FGF2, FGFR1 and VEGF when compared with TRβPV PTTG+/+ mice 
(Kim et al. 2007a). A study conducted by Kim et al. has identified additional pro- and anti-
angiogenic factors whose expression are thought to be regulated by PTTG, including ID3 and 
Thrombospondin (TSP)-1 (Kim et al. 2007a). 
     PTTGs role as a gene transactivator is not just confined to the regulation of angiogenic 
factors. DNA profiling of inducible PTTG cell lines revealed that c-Myc, MEK1, MEK3, 
PKCβ-1 and HSP70 are upregulated after induction of PTTG (Pei 2001). c-Myc is a 
transcription factor which has a pivotal function in cell growth, differentiation and apoptosis, 
and its role in tumourigenesis is well established. PTTG was shown to directly associate with 
the c-Myc promoter as part of a ternary complex with Upstream Stimulating Factor (USF)-1 
(Pei 2001). PTTG may therefore influence cell survival and growth indirectly by targeting c-
Myc. Accordingly, PTTG-mediated modulation of p53 expression and function has been 
shown to be mediated via regulation of c-Myc expression (Hamid, Kakar 2004).  
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     In recent years, PTTG has also been identified as a key signature gene in tumour 
metastasis. Altered PTTG expression has been associated with tumour cell migration and 
invasion (Malik, Kakar 2006). Matrix metalloproteinases (MMP) are potent zinc-dependent 
endopeptidases that belong to the metzincin superfamily of proteolytic enzymes. MMP tightly 
regulate cell-matrix composition and remodelling. In order for cancer cells to disseminate 
from the primary tumour to secondary sites and form metastases, they must be able to degrade 
and navigate through the surrounding extracellular matrix (ECM). In light of their central role 
in orchestrating ECM degradation, MMP have been proposed to be involved in tumour cell 
invasion and migration. Among them, MMP-2 and MMP-9 have been identified as 
particularly important in tumour angiogenesis and metastasis (Stamenkovic 2000). 
     Malik et al. were first to describe a role for PTTG in the modulation of MMP-2 secretion 
and expression (Malik, Kakar 2006). Transient transfection of HEK293 cells with PTTG 
resulted in significant induction of MMP-2 gene promoter activity and MMP-2 mRNA 
expression (Malik, Kakar 2006). Furthermore, conditioned medium from HEK293 cells 
transiently or stably overexpressing PTTG also demonstrated an increase in MMP-2 secretion 
(Malik, Kakar 2006). Interestingly, incubation of HUVECs with this conditioned medium led 
to increased cell migration, invasion and tubule formation, all of which was blocked by pre-
treatment with an anti-MMP-2 antibody (Malik, Kakar 2006). A role for PTTG in the 
transcriptional regulation of MMP-9 and MMP-13 has also been defined, with down-
regulation of PTTG expression resulting in significant repression of MMP-9 and MMP-13 
mRNA and protein expression in cutaneous squamous cell carcinoma and prostate cancer cell 
lines (Xia et al. 2013, Lin et al. 2015b). Moreover, these alterations in MMP expression were 
associated with reduced cell proliferation and invasion (Xia et al. 2013, Lin et al. 2015b). 
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     Recent evidence has also linked PTTG transcriptional activity with epithelial-to-
mesenchymal transition (EMT). EMT is an essential process that occurs during normal 
embryonic development and requires epithelial cells to shed their epithelial phenotype and 
acquire mesenchymal-like properties (Thiery et al. 2009). During this process cells lose 
polarity, assume a spindle-like morphology and become more motile (Thiery et al. 2009). As 
a result, EMT has been heavily implicated in tumour progression and metastasis. PTTG has 
been shown to regulate expression of several of the transcription factors involved in EMT 
(Shah, Kakar 2011b, Shah et al. 2012, Yoon et al. 2012, Li et al. 2015). In the ovarian 
epithelial cancer cell line A2780, overexpression of PTTG has been shown to induce 
expression of the EMT transcription factors Snail, Twist and Slug via upregulation of TGFβ 
mRNA expression and secretion (Shah, Kakar 2011b). Upregulation of these EMT 
transcription factors by PTTG was further associated with a reduction in the expression of the 
epithelial marker, E-cadherin, and a concomitant increase in the expression of the 
mesenchymal marker, vimentin (Shah, Kakar 2011b). PTTG has also been reported to induce 
EMT by regulating the expression of the integrins αV and β3, which play a crucial role in 
triggering cellular cytoskeletal rearrangements in response to changes in the ECM (Shah et al. 
2012).  
1.4.3.2 PTTG and genetic instability 
     Another mechanism by which PTTG has been shown to promote tumourigenesis is 
through the induction of genetic instability, via its role in mediating sister chromatid 
separation during mitosis. Indeed, chromosomal aberrations are frequently observed in 
cancers and have been implicated in tumour initiation, as well as progression (Fröhling, 
Döhner 2008). The first study to describe a role for PTTG in chromosomal instability 
demonstrated induction of aneuploidy in osteosarcoma MG-63 cells following stable 
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overexpression of PTTG (Yu et al. 2000a). Further single live cell imaging analysis of lung 
cancer H1299 cells transiently transfected with EGFP-tagged PTTG also showed signs of 
aneuploidy (Yu et al. 2000a). In H1299 cells transiently over-expressing low levels of EGFP-
PTTG, mitosis resumed as normal due to rapid degradation of EGFP-PTTG before onset of 
anaphase (Figure 1.8; (Yu et al. 2003)). However, expression of higher levels of EGFP-PTTG 
was associated with an inability to degrade EGFP-PTTG and as a consequence, led to a 
marked delay in transition from metaphase to anaphase and caused asymmetrical cytokinesis, 













Figure 1.8 Proposed mechanism of PTTG-induced aneuploidy. Left – Normal process of 
mitosis, whereby PTTG degradation at the end of metaphase by the APC results in release of 
separase, thus enabling cohesin degradation, separation of sister chromatids and their equal 
distribution between the daughter cells. Right – Abnormal mitosis due to overexpression of 
PTTG, which causes dysregulated sister chromatid separation and results in aneuploidy 
(figure from Yu et al. 2003). 
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     Interestingly, abnormal chromosomal separation has also been observed following PTTG 
depletion, thus suggesting that both over-expression and under-expression of PTTG have 
important implications with regard to the maintenance of genome integrity. HCT116 cells 
contain a stable karyotype, as well as intact DNA damage and mitotic spindle checkpoints and 
demonstrate no signs of aneuploidy, when assessed by fluorescent in situ hybridisation 
(FISH) and multiplex-FISH (M-FISH) (Jallepalli et al. 2001). In contrast, inactivation of both 
copies of PTTG in these cells (HCT116-PTTG-/-) resulted in gross aneuploidy, with more than 
80 % of HCT116-PTTG-/- cells demonstrating at least one chromosome loss (Jallepalli et al. 
2001). 
     Further evidence indicating that PTTG induces genetic instability has come from the 
analysis of human normal and tumour tissue specimens via fluorescent intersimple sequence 
repeat PCR (FISSR-PCR), which is a technique used to measure intra-chromosomal 
instability. Using this technique, the level of global genetic instability was much greater in 
thyroid and colorectal tumours compared to normal tissues and strongly correlated with the 
degree of PTTG expression (Kim et al. 2005, Kim et al. 2007b). In addition, FISSR-PCR 
analysis of non-transformed fibroblast, follicular thyroid cancer and colorectal cancer cell 
lines identified a dose-dependent increase in the genetic instability index following 
transfection with increasing concentrations of PTTG cDNA (Kim et al. 2005, Kim et al. 
2007b). 
1.4.3.3 PTTG and DNA damage repair 
As described previously (section 1.4.2.3), PTTG is capable of forming complexes with Ku-70 
(Romero et al. 2001), which plays an important role in the repair of DNA double-strand 
breaks via the NHEJ pathway. Following DNA damage, PTTG dissociates from Ku-70, thus 
allowing Ku-70 to bind to DNA at the site of repair and trigger NHEJ (Romero et al. 2001). 
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Overexpression of PTTG in HCT116 cells has been shown to prevent Ku-70 binding to DNA, 
which in turn, inhibited NHEJ DNA repair activity (Kim et al. 2007b). Taken together, these 
data suggest that PTTG may impair critical DNA damage response mechanisms within the 
cell, leading to gross genetic instability. In accordance with these findings, recent research 
carried out by our group has revealed significant alterations in the expression of numerous 
p53-related DNA damage response genes in a transgenic mouse model of thyroid-specific 
overexpression of PTTG (PTTG-Tg) (Figure 1.9) and in human differentiated thyroid tumours 
(Read et al. 2016a). Many of the affected genes were downregulated, including several known 
to be involved in maintaining genomic integrity, such as BRCA1, CHEK1 and MUTYH 
(Read et al. 2016a). Importantly, PTTG-Tg thyrocytes displayed a greater level of genetic 
instability than primary thyrocytes derived from age- and sex-matched wild-type mice (Read 
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Figure 1.9 Transcriptional profile of DNA damage response genes in PTTG-Tg thyrocytes. 
Gene expression analysis used a DNA damage signalling pathway-focussed RT2 Profiler 
PCR array in PTTG-Tg thyrocytes. Graph shows expression of DNA damage response genes 
altered >1.5-fold versus wild-type (WT). * p ≤0.05, ** p ≤0.01, *** p ≤0.001 (figure from 
Read et al. 2016a). 
 
1.4.3.4 PTTG, p53 and apoptosis 
     Several reports have described an interaction between PTTG and p53 with regard to 
apoptosis. Initial studies demonstrated PTTG-induced apoptosis in JEG-3 cells transiently 
transfected with EGFP-PTTG (Yu et al. 2000b). In subsequent studies, overexpression of 
PTTG in breast cancer MCF-7 cells expressing wild-type p53 caused cell cycle arrest and 
apoptosis (Yu et al. 2000a). Furthermore, apoptosis was enhanced following co-transfection 
with p53 and was inhibited following co-transfection with HPV E6, thus indicating that PTTG 
induces apoptosis via p53-dependent mechanisms (Yu et al. 2000a). Interestingly, 
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overexpression of PTTG resulted in aneuploidy in MG-63 cells, which are devoid of p53, 
implying that p53 can inhibit PTTG induction of aneuploidy and instead promote apoptosis 
(Yu et al. 2000a). Hamid et al. further demonstrated that PTTG could induce apoptosis 
through p53-mediated upregulation of the pro-apoptotic effector BAX in HEK293 cells 
(Hamid, Kakar 2004).  
     In contrast to these findings, overexpression of PTTG and its interaction with p53 in 
H1299 cells blocked p53 binding to DNA, repressed p53 transcriptional activity and also 
inhibited p53-dependent apoptosis (Bernal et al. 2002). In addition, adenoviral-mediated 
knockdown of PTTG gene expression has been shown to result in activation of p53 and 
subsequent induction of apoptosis in SH-J1 hepatoma cells (Jung et al. 2006). The intimate 
relationship between PTTG and p53 is further complicated by the fact that PTTG is a direct 
transcriptional target of p53 (Zhou et al. 2003b). Following induction of DNA damage, p53 
was able to suppress PTTG expression by impairing NF-Y binding to the PTTG gene 
promoter in HCT116 cells (Zhou et al. 2003b). 
 
1.4.4 PTTG in head and neck cancer 
     Several studies have independently demonstrated overexpression of PTTG in oesophageal 
squamous cell carcinoma (ESCC) (Shibata et al. 2002, Zhou et al. 2005, Ito et al. 2008, Yan 
et al. 2009, Zhang et al. 2013). Many of these studies revealed that PTTG mRNA expression 
levels were significantly upregulated in human ESCC tissue specimens when compared with 
matched normal tissues (Shibata et al. 2002, Zhou et al. 2005). Furthermore, high tumoural 
PTTG mRNA expression has been found to strongly correlate with advanced pathological 
stage, extensive lymph node metastasis and reduced disease-free survival, indicating that 
PTTG may serve as a novel prognostic marker for ESCC (Shibata et al. 2002, Zhou et al. 
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2005). Elevated PTTG mRNA expression has also been detected in several ESCC cell lines, 
with very little detected in normal human keratinocytes (Zhou et al. 2005). 
     Overexpression of PTTG protein has also been documented in ESCC, with strong PTTG 
protein expression reported in approximately 60-70 % or tumours (Ito et al. 2008, Yan et al. 
2009, Zhang et al. 2013). Notably, high levels of PTTG protein expression were also 
significantly associated with clinicopathological features, including TNM stage, lymph node 
metastasis and poor overall survival (Ito et al. 2008, Yan et al. 2009, Zhang et al. 2013). 
Interestingly, PTTG protein expression is not only upregulated but also appears to be 
differentially localised within the cell. Immunohistochemical analysis of 113 primary ESCC 
tumours found that PTTG staining was mainly present in the cytoplasm, with occasional 
nuclear staining also observed. However, in normal oesophageal tissues, only occasional 
nuclear PTTG staining was observed, with no cytoplasmic staining evident (Ito et al. 2008). 
     Importantly, upregulated PTTG expression has also been reported in HNSCC tumours 
(Solbach et al. 2006, Liao et al. 2011, Zhang et al. 2014).  Similar to previous studies for 
ESCC, initial analyses performed on 89 tumour specimens derived from patients with OPSCC 
(n=66) or LSCC (n=23) revealed elevated levels of PTTG mRNA expression in the vast 
majority of tumours when compared to normal tissue derived from the same patients (Solbach 
et al. 2006). Additionally, higher levels of PTTG mRNA expression were independently 
associated with advanced disease stage, lymph node involvement and tumour recurrence 
(Solbach et al. 2006). Overexpression of PTTG mRNA and protein has also been documented 
in tissue specimens derived from patients with oral premalignant lesions and OSCC (Liao et 
al. 2011, Zhang et al. 2014). Interestingly, PTTG expression was found to increase with the 
degree of oral epithelial dysplasia and was further increased in OSCC (Liao et al. 2011). 
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Moreover, high tumoural PTTG protein expression strongly correlated with lymph node status 
and TNM staging (Liao et al. 2011, Zhang et al. 2014).  
 
1.5 PTTG1-Binding Factor (PBF) 
1.5.1 The PBF gene 
     PTTG1-binding factor (PBF; also known as PTTG1IP) was initially discovered using a 
yeast-2 hybrid system to identify interacting partners of PTTG (Chien, Pei 2000). Subsequent 
investigations revealed that the PBF gene, located at chromosome 21q22.3, encodes a 180 
amino acid protein with a predicted molecular mass of 22 kDa (Chien, Pei 2000). It was later 
established that PBF had previously been cloned and was named C21orf3 (Yaspo et al. 1998). 
Whilst PBF shares no significant sequence homology with any other human protein, it is well 
conserved across different species, suggesting it has a unique function and is evolutionarily 
important (Yaspo et al. 1998).  
1.5.1.1 PBF protein structure 
     C21orf3 was characterised as a type 1a integral membrane cell surface glycoprotein due to 
the identification of a putative N-terminal signal peptide, transmembrane domain, endocytosis 
motif and two putative N-glycosylation sites (Yaspo et al. 1998). Further structural studies 
revealed the existence of a putative N-terminal leucine-rich nuclear export signal within the 
signal peptide domain and a plexin-semaphorin-integrin (PSI) domain (Chien, Pei 2000). PSI 
domains are typically 50 amino acids in length and contain 8 cysteine residues, some of which 
are connected by disulphide bonds (Bork et al. 1999). They are usually found within the 
extracellular region and are involved in protein-protein interactions (Bork et al. 1999). Other 
important domains identified include the C-terminal bipartite nuclear localisation signal 
(NLS) and sorting signal (Figure 1.10). The NLS appears to be critical for PTTG nuclear 
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transport and, as such, facilitates its roles as a securin and a gene transactivator. Expression of 
PTTG-GFP was located mainly in the cytoplasm of transfected COS-7 cells, whereas co-
transfection of PBF-HA along with PTTG-GFP resulted in marked translocation of PTTG into 
the nucleus (Chien, Pei 2000). The shuttling of PTTG into the nucleus was effectively 
blocked following co-transfection with a PBF-NLS deletion mutant (Chien, Pei 2000). 
Ablation of the NLS domain also prevented PTTG-mediated transactivation of FGF-2, thus 
demonstrating that PBF is required for the nuclear transport and transcriptional activation 
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Figure 1.10 Schematic representation of the human PBF’s putative protein structure. PBF 
comprises an N-terminal extracellular signal peptide with a nuclear export signal (NES). This 
is followed by an extracellular cysteine-rich PSI domain, with disulphide bonds represented 
by multiple blue lines. A putative nucleolus sequence is present within the intracellular 
region, adjacent to the transmembrane domain. The C-terminal region contains a nuclear 
localisation sequence (NLS) and a sorting signal. Phosphorylation sites and the two putative 
N-glycosylation sites are also indicated. SUMO = predicted SUMOylation site. 
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1.5.1.2 Expression and subcellular localisation 
     Initial Northern blot analysis demonstrated abundant and ubiquitous expression of PBF 
mRNA in all tissues examined, including the spleen, testis, ovary and colon (Yaspo et al. 
1998). Additional PBF mRNA expression profiling using a human RNA master blot 
demonstrated high PBF mRNA expression in a selection of normal tissue specimens, 
suggesting widespread expression of PBF (Chien, Pei 2000). This was further supported by a 
comparison of the PBF nucleotide sequence with a database of expressed sequence tags 
(EST), which identified over 100 human ESTs corresponding to cDNAs expressed in the 
heart, lungs, pancreas, spleen, bone marrow, melanocytes, uterus, testis and neurons (Chien, 
Pei 2000).  
     The presence of a C-terminal NLS prompted further investigations into the subcellular 
localisation of PBF protein. Transfection of COS-7 cells with heamagglutinin-tagged PBF 
(PBF-HA) and subsequent immunofluorescence staining revealed predominantly nuclear 
expression of PBF, with significant cytoplasmic expression as well (Chien, Pei 2000). 
Interestingly, mutation of the NLS resulted in a shift in PBF expression from the nucleus to 
the perinuclear and cytoplasmic regions, thus implying that the NLS is required for PBF 
nuclear localisation (Chien, Pei 2000).  
     In addition to nuclear localisation, PBF expression has also been observed within 
intracellular vesicles, where it strongly co-localised with the late endosomal marker CD63 
(Smith et al. 2009). Furthermore, deletion of the C-terminal sorting signal in PBF resulted in 
its accumulation at the plasma membrane, thereby supporting a role for PBF as a cell surface 
glycoprotein (Smith et al. 2009). 
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1.5.1.3 Regulation 
     The mechanisms involved in PBF regulation have not been fully elucidated. 
Overexpression of PTTG has been reported to induce PBF mRNA expression in primary 
human thyroid follicular cells and HCT116 cells (Stratford et al. 2005). Furthermore, 
assessment of PTTG and PBF mRNA expression in pituitary and thyroid tumour specimens 
has identified a significant correlation between expression of the two genes (McCabe et al. 
2003, Stratford et al. 2005). 
     PBF has also been identified as a transcriptional target of the bone-specific transcription 
factor Runx2 (Stock et al. 2004). Differential hybridisation screening of mouse embryonic 
fibroblast cells overexpressing Runx2 demonstrated significant upregulation of PBF. Further 
investigations revealed direct binding of Runx2 to the PBF promoter, resulting in the 
subsequent transactivation of PBF in MC3T3-E1 cells (Stock et al. 2004). 
     Oestrogen has also been implicated in the regulation of PBF expression. PBF mRNA and 
protein expression was significantly induced following treatment of MCF-7 cells with the 
synthetic oestrogen analogues diethylstilboestrol and 17β-oestradiol (Watkins et al. 2010). 
Detailed analysis of the PBF promoter identified a variable number of oestrogen response 
elements (ERE) and co-immunoprecipitation assays subsequently confirmed oestrogen 
receptor α (ERα) binding to the PBF promoter (Watkins et al. 2010).  
     MicroRNA (miRNA) are small non-coding RNA molecules involved in the post-
transcriptional regulation of gene expression (Krol et al. 2010). Recently, miRNA have been 
identified as important regulators of PBF expression. The liver-specific miRNA miR-122 has 
been reported to target PBF via a putative miR-122 complementary sequence within the 3’ 
UTR region of the PBF sequence (Li et al. 2013). PBF-EGFP expression was repressed by 
miR-122 in GFP reporter assays (Li et al. 2013). Further, transfection of a miR-122 mimic 
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resulted in a significant reduction in PBF expression in a panel of hepatocellular carcinoma 
cell lines (Li et al. 2013). Another recent study has also indicated a role for miR-584 in the 
negative regulation of PBF expression in glioma, providing further support for miRNA-
regulation of PBF (Wang et al. 2014). 
 
1.5.2 PBF and tumourigenesis 
     As previously described, Northern blot analysis and the identification of ESTs matching 
the PBF nucleotide sequence in numerous tissue types established that PBF is widely 
expressed in normal human tissue (Yaspo et al. 1998, Chien, Pei 2000). However, further 
identity matches were obtained for PBF in ESTs corresponding to cDNAs overexpressed in 
pancreatic cancer (Yaspo et al. 1998), colon cancer, Wilms’ tumour and parathyroid cancer 
(Chien, Pei 2000), suggesting that PBF may be frequently overexpressed in cancers. A further 
study conducted by our group demonstrated a 5.7-fold upregulation of PBF mRNA 
expression in human pituitary tumours compared with normal pituitary tissue (McCabe et al. 
2003). In addition a significant positive correlation was observed between PTTG mRNA and 
PBF mRNA expression in the pituitary tumours but not in normal pituitary tissues (McCabe et 
al. 2003). Subsequent studies revealed overexpression of PBF in thyroid tumours also 
displaying upregulation of PTTG expression (Stratford et al. 2005), thus indicating a potential 
association between PTTG and PBF in pituitary and thyroid tumourigenesis. Increased 
expression of PBF has also been found in glioma, breast and colorectal tumours (Watkins et 
al. 2010, Wang et al. 2014, Read et al. 2016b). Importantly, overexpression of PBF has been 
independently associated with early tumour recurrence and reduced disease-free survival in 
patients with thyroid cancer (Stratford et al. 2005, Hsueh et al. 2013) and with Extramural 
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Vascular Invasion (EMVI), increased genetic instability and somatic TP53 mutations in 
patients with colorectal cancer (Read et al. 2016b). 
     These observations prompted further investigations into a potential role for PBF in 
tumourigenesis. Due to the strong correlation observed between expression of the two genes, 
the transforming potential of PTTG and PBF was examined. Stable overexpression of PTTG 
or PBF alone in NIH3T3 cells led to potent colony formation (Stratford et al. 2005). However, 
stable overexpression of PTTG deletion mutants, which were either unable to upregulate PBF 
mRNA expression (PBF-SH3-) or were unable to physically interact with PBF (PTTG BD- 
(Δ123-154)), did not induce NIH3T3 colony formation, thus demonstrating that, in addition to 
potentially mediating the transforming effects of PTTG, PBF in its own right is a 
transforming gene in vitro (Figure 1.11A) (Stratford et al. 2005). Additionally, injection of 
athymic nude mice with stable PBF-overexpressing NIH3T3 cells led to significant tumour 
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Figure 1.11 PBF is transforming in vitro and tumourigenic in vivo. A – Representative 
images of soft agar colony formation assays performed using NIH3T3 cells stably transfected 
with wild-type PBF, wild-type PTTG, and PTTG with mutated PBF binding domain (BD-
PTTG) or SH3 domain binding site (SH3-PTTG). The graph below shows the mean number of 
colonies formed per transfection condition. B – Tumour growth in athymic nude mice injected 
with stable NIH3T3 cells overexpressing PBF compared with vector only (VO) control. *** p 
≤0.001 (figure from Stratford et al. 2005). 
 
1.5.2.1 PBF, NIS and iodide uptake 
     Despite identifying a number of functional domains, the precise mechanisms by which 
PBF induces tumourigenesis have remained elusive. Research conducted by our group 
uncovered a role for PBF in the regulation of the sodium iodide symporter (NIS) in the 
thyroid. PBF represses expression of NIS in rat thyroid FRTL-5 cells and human primary 
thyrocytes (Boelaert et al. 2007). Additional NIS promoter studies determined that the 
repression of NIS by PBF was due to inhibition of the basal NIS promoter as well as 
disruption of a PAX8/USF1 site within the human NIS upstream enhancer element (hNUE) 
VO PBF #1 PBF #2 
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(Boelaert et al. 2007). Furthermore, PBF appears to redistribute NIS from the plasma 
membrane into intracellular vesicles (Smith et al. 2009), providing an additional mechanism 
by which PBF regulates NIS. As NIS mediates the active transport of iodide into the cell, it 
provides an effective tool for the delivery of therapeutic doses of radioiodine to thyroid 
tumours to ensure their proper diagnosis and destruction. Importantly, PBF repression of NIS 
expression and/or alteration of its subcellular localisation are associated with a significant 
reduction in radioiodine uptake in FRTL-5 cells and primary cultures of thyroid cells 
(Boelaert et al. 2007, Smith et al. 2009, Read et al. 2011). Moreover, PBF phosphorylation by 
the proto-oncogene tyrosine kinase Src is essential for PBF endocytosis and abrogation of this 
residue results in significant retention of NIS at the plasma membrane, ultimately restoring 
iodide uptake in primary human thyrocytes (Smith et al. 2013). As a consequence, high 
tumoural expression or enhanced Y174 phosphorylation of PBF may have a profound impact 
on patient prognosis following radioiodine ablation therapy. 
1.5.2.2 PBF, p53 and DNA damage repair 
     Recent research into the role of PBF in thyroid tumourigenesis has demonstrated that a 
functional interaction exists between PBF and the tumour suppressor protein p53 in thyroid 
and colorectal cancer (Read et al. 2014, Read et al. 2016b). Glutathione-S-transferase (GST) 
pull-down assays initially demonstrated that PBF binds to p53 (Read et al. 2014). Successive 
co-immunoprecipitation assays using protein lysates extracted from TPC-1, K1 and HCT116 
cells confirmed a direct and specific interaction in vitro and further revealed that this 
interaction is enhanced following treatment of cells with ionising radiation (Figure 1.12A) 
(Read et al. 2014, Read et al. 2016b). The potential association between PBF and p53 was 
further corroborated by proximity ligation assays performed in TPC-1 cells and 
oligonucleotide pull-down assays (Read et al. 2014, Read et al. 2016b). 
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     Subsequent half-life studies using anisomycin, which blocks de novo protein synthesis, 
found that overexpression of PBF significantly increased turnover of p53 protein when 
compared to vector-only control cells (Figure 1.12B) (Read et al. 2014, Read et al. 2016b). 
This observed reduction in p53 stability was abrogated following siRNA-mediated depletion 
of PBF in TPC-1 cells (Read et al. 2014). Given the diminished p53 stability, ubiquitination 
assays were performed following treatment with the proteasome inhibitor MG132. Several 
high molecular weight p53 conjugates were apparent in PBF-transfected TPC-1 and HCT116 
cells, thus suggesting accumulation of ubiquitinated p53 (Read et al. 2014, Read et al. 2016b). 
Later investigations revealed that the reduction in p53 stability by PBF in thyroid cells 
occurred in an MDM2-dependent manner (Read et al. 2014).  
     To determine the functional consequences of p53 modulation by PBF, transient reporter 
assays were performed in p53-null H1299 cells. When PBF and p53 were co-expressed, PBF 
significantly repressed p53-mediated transactivation of the well-established p53-responsive 
genes p21 and MDM2/HDM2 in all three thyroid and colorectal cancer cell lines (Figure 
1.12C) (Read et al. 2014, Read et al. 2016b). Furthermore, PBF was capable of altering the 
sensitivity of thyroid cells to irradiation in a p53-dependent manner (Read et al. 2014). Taken 
together, these data suggest a role for PBF in DNA damage and repair pathways through 






Chapter 1  General Introduction 
 












Figure 1.12 PBF interacts with p53 in vitro and reduces p53 stability and transcriptional 
activity. A – co-immunoprecipitation of p53 with PBF in untreated (-IR) or irradiated (+IR) 
TPC-1 cells, NAb = no antibody control. B – Western blot analysis of half-life assays 
performed in TPC-1 cells transfected with PBF-HA and treated with 100 µM anisomycin. 
Protein was harvested at the indicated times post-treatment. C – H1299 cells were transfected 
with p53 luciferase reporter plasmids for HDM2 (left) or p21 (right), in conjunction with PBF 
and p53, or VO as indicated. Luciferase activity was measured 24 hours later (figures from 
Read et al. 2014 and Read et al. 2016b). 
 
     Consistent with this, repression of p53-related DNA damage response genes was observed 
in primary thyrocytes obtained from a transgenic mouse model of thyroid-specific PBF 
overexpression (PBF-Tg) (Figure 1.13). Exposure to ionising radiation, to stabilise p53, 
further confirmed significant downregulation of a number of DNA damage response genes, 
including many involved in maintaining genomic integrity (Read et al. 2016a). Moreover, 
primary thyrocytes obtained from a bitransgenic mouse model of thyroid specific PTTG and 
PBF over-expression displayed even more extensive DNA damage response gene 
suppression, thus indicating that PTTG and PBF cooperate to disrupt p53 activity (Read et al. 
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2016a). Importantly, PBF-Tg thyrocytes also displayed a greater level of genetic instability 










Figure 1.13 Transcriptional profile of DNA damage response genes in PBF-Tg thyrocytes. 
Gene expression analysis used a DNA damage signalling pathway-focussed RT2 Profiler 
PCR array in PBF-Tg thyrocytes. Graph shows expression of DNA damage response genes 
altered >1.5-fold versus wild-type (WT). * p ≤0.05, ** p ≤0.01, *** p ≤0.001(figure from 
Read et al. 2016a). 
 
1.5.2.3 PBF, CTTN and cell invasion 
     Another mechanism by which PBF has been shown to promote tumour progression is 
through the induction of in vitro cell migration and invasion. Our group has previously shown 
that PBF drives breast cancer cell migration (Watkins et al. 2010). Overexpression of PBF 
significantly increased the invasiveness of MCF-7 cells, as determined by 2D Boyden 
chamber assays (Watkins et al. 2010). Critically, the observed increase in cell invasion was 
effectively abolished following siRNA-mediated silencing or specific mutation of the PBF 
gene (Watkins et al. 2010). Increased PBF promoter activity was independently correlated 
with poor prognosis and an increased risk of breast cancer metastasis (Xiang et al. 2012). 
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     Consistent with our original findings, PBF overexpression has been demonstrated to 
induce the proliferation and invasion of hepatocellular carcinoma cells in 3D matrigel 
invasion assays (Li et al. 2013). In addition, work conducted by our group has recently 
confirmed that PBF is consistently able to induce the migration and invasion of a panel of 
thyroid, colorectal and breast cancer cell lines, across a variety of different in vitro assays 
(Watkins et al. 2016). A potential mechanism of PBF-induced cell invasion was also revealed. 
Through extensive mass spectrometry our group identified cortactin as an interacting partner 
of PBF (Watkins et al. 2016). Cortactin is an actin-polymerising scaffold protein, which 
drives the formation of specialised membrane protrusions at the leading edge of actively 
migrating cells (Weaver et al. 2001, Ayala et al. 2008). 
     Co-immunoprecipitation assays confirmed a direct interaction between PBF and cortactin 
in vitro in MCF-7 and HeLa cells (Watkins et al. 2016). This was further confirmed by 
proximity ligation assays, which revealed specific binding between PBF and cortactin, 
particularly at the periphery of the cells (Watkins et al. 2016). Importantly, siRNA-mediated 
knockdown of cortactin in PBF-transfected SW1736, HCT116 and MCF-7 cells significantly 
reduced the invasiveness of both cell lines to levels similar to or below those observed in 
vector-only-transfected cells (Watkins et al. 2016), thus demonstrating that cortactin depletion 
could ameliorate the effects of PBF overexpression. Furthermore, phosphorylation of PBF at 
residue Y174 was found to be critical for its functional interaction with cortactin as mutation 
of PBF residue Y174 (Y174A) led to a decrease in the invasive capacity of TPC-1 and MCF-7 
cells, as determined by classical wound healing, 2D Boyden chamber and 3D organotypic 
assays (Watkins et al. 2016). 
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1.6 Hypothesis and aims 
     Overexpression of PTTG has been documented in several tumour types and is associated 
with tumour invasiveness (Zhang et al. 1999, Heaney et al. 2000, McCabe et al. 2003, 
Boelaert et al. 2003a, Solbach et al. 2004). PTTG encodes a multifunctional proto-oncogene, 
which has been implicated in numerous critical cellular processes, including mitotic 
regulation (Zou et al. 1999, Yu et al. 2000b), gene transactivation (Zhang et al. 1999, Pei 
2001) and DNA repair (Romero et al. 2001, Kim et al. 2007b, Read et al. 2016a). PTTG has 
also been reported to bind to p53 and alter p53 transcriptional activity (Bernal et al. 2002). 
     Several high-profile studies have reported PTTG overexpression in squamous cell 
carcinomas of the head and neck, where elevated expression independently correlates with 
advanced tumour stage and poor prognosis (Shibata et al. 2002, Solbach et al. 2006, Ito et al. 
2008, Yan et al. 2009). A recent unpublished GEO profile cDNA array analysis of matched 
normal and HNSCC samples has further suggested a potential upregulation of its interacting 
partner PBF in HNSCC (p=0.026, n=22). In addition, previous research conducted by our 
group has demonstrated that a functional interaction exists between PBF and p53 in thyroid 
and colorectal cancer (Read et al. 2014, Read et al. 2016b). PBF was shown to significantly 
reduce p53 protein stability via induction of MDM2-mediated ubiquitination and proteasomal 
degradation of p53 (Read et al. 2014). Furthermore, dysregulation of p53 stability by PBF 
significantly repressed p53-mediated transactivation of the down-stream targets p21 and 
HDM2 and was associated with increased genomic instability (Read et al. 2014, Read et al. 
2016b).  
     Next-generation sequencing efforts have confirmed that mutation of the TP53 gene is one 
of the most common genetic alterations in HNSCC (Petitjean et al. 2007). Furthermore, p53 
inactivation in tumours harbouring wild-type p53 may be achieved by additional mechanisms, 
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such as expression of HPV E6 and overexpression/amplification of HDM2 (Scheffner et al. 
1990). These observations therefore demonstrate the importance of the TP53 gene in the 
suppression of HNSCC tumour formation and progression. Given that PTTG has been 
reported to be upregulated in HNSCC tumours, we hypothesise that the interacting partners 
PTTG and PBF are overexpressed in HNSCC and that high tumoural PTTG and PBF 
expression is associated with poor prognosis. Furthermore, as PTTG and PBF have been 
implicated in the regulation of p53 activity in other tumour types, we hypothesise that PTTG 
and PBF bind to p53 in the setting of head and neck cancer. We further hypothesise that 
PTTG and PBF overexpression in HNSCC cells leads to decreased p53 stability and hence 
inactivation of its tumour suppressor function, which may serve to promote HNSCC 
tumourigenesis and progression.  
     The aims of this thesis therefore were: 
     Analysis of PTTG and PBF expression in matched HNSCC tumour specimens. 
Quantitative real-time PCR and immunohistochemistry techniques were employed to 
determine PTTG/PBF mRNA expression in matched fresh-frozen HNSCC normal and tumour 
tissue specimens and PTTG/PBF protein expression in formalin-fixed paraffin-embedded 
tissue microarray sections. Expression data were then evaluated alongside the available 
clinical follow-up data to determine whether PTTG and PBF expression correlated with any 
clinicopathological features. 
     Assessment of PTTG:p53 and PBF:p53 interactions in HNSCC cells. Co-
immunoprecipitation assays were performed to examine the potential interactions between 
PTTG/PBF and p53 in HPV-positive and HPV-negative HNSCC cell lines. Further co-
immunoprecipitation assays were performed in the presence of reduced PTTG or PBF 
expression to determine the relative influence of PTTG and PBF on p53 binding. 
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     Assessment of the effects of PTTG:p53 and PBF:p53 interactions on p53 stability and 
function. Anisomycin half-life studies were used to determine the relative contributions of 
PTTG and PBF to p53 protein stability in HNSCC cells. Additional real-time quantitative 
PCR analyses were performed to determine the consequences of PTTG and PBF expression 
on p53 transcriptional activity in the presence and absence of irradiation-induced DNA 
damage. 
     Assessment of the effects of PTTG and PBF expression on the invasiveness of HNSCC 
cells. 2D Boyden chamber invasion assays and classical wound healing assays were used to 
examine the effects of PTTG and PBF expression on the invasiveness of HNSCC cells. 
Colony formation assays were also performed to determine whether manipulation of PTTG 
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2.1 Cell lines 
     The human head and neck squamous cell carcinoma (HNSCC) cell lines, 92-VU-040T and 
93-VU-147T were kindly provided by Professor Hisham Mehanna (The Institute of Head and 
Neck Studies and Education, School of Cancer Sciences, University of Birmingham). The 
clinical features of the HNSCC cell lines and the personal characteristics of the patients 
associated with the cell lines are summarised in Table 2.1. The 92-VU-040T cell line is a 
moderately differentiated HPV-negative HNSCC line. It was derived from biopsies of a 
primary squamous cell carcinoma of the oral cavity (tongue) of a 65 year-old female patient 
and expresses wild-type p53 (Hermsen et al. 1996, White et al. 2006). The 93-VU-147T cell 
line is also a moderately differentiated HNSCC line, which was derived from biopsies of a 
primary squamous cell carcinoma of the oral cavity (floor of mouth) of a 58 year-old male 
patient (White et al. 2006, Hermsen et al. 1996). The cells contain a heterozygous mutation in 
the TP53 gene (c.770T>G, p.L257R) predicted to render the translated p53 protein non-
functional (Kimple et al. 2013). The cells also contain integrated HPV-16 DNA (Hermsen et 
al. 1996, White et al. 2006). All HNSCC lines were routinely cultured as a monolayer in 75 
cm2 vented-cap flasks in complete Dulbecco’s Modified Eagle’s Medium [Sigma-Aldrich, St. 
Louis, MO, USA] supplemented with L-glutamine [Life Technologies Ltd, Thermo Fisher 
Scientific, Paisley, UK], Penicillin (105 U/L) [Life Technologies Ltd], Streptomycin (100 
mg/L) [Life Technologies Ltd] and 10 % heat-inactivated foetal bovine serum (FBS) [Life 
Technologies Ltd]. Cells were passaged twice weekly and split at 12.5-20 %. Human HNSCC 
cell lines were authenticated by short tandem repeat (STR) DNA profiling. 
     HeLa cells were obtained from the European Collection of Cell Cultures, UK. These 
epithelial cells, derived from a human epidermoid carcinoma of the cervix (Scherer et al. 
1953), were used due to their well-characterised phenotype and their ability to be easily 
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transfected. Cells were cultured in complete DMEM containing L-glutamine, penicillin (105 
U/L), streptomycin (100 mg/L) and 10 % FBS.  Cells were passaged twice weekly and split at 
17 %. 
 
a Abbreviations: F, female; M, male. 
bAbbreviations: NP, new primary. 
 
Table 2.1 Clinical features and personal characteristics of the patients associated with the 




     Transient over-expression was achieved by transfecting cells with the expression vectors, 
pCDNA3.1+ [Invitrogen™, Thermo Fisher Scientific, Paisley, UK] or pCI-NEO [Promega, 
Madison, WI, USA], containing the full coding sequence of the gene of interest. Both 
expression vectors contained the human cytomegalovirus (CMV) immediate-early promoter 
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Figure 2.1 pcDNA3.1+ and pCI-NEO vector maps, showing the origin of replication (ori), 
ampicillin resistance gene (Ampr/Ampicillin) and restriction endonuclease sites. 
 
2.2.1.1 Bacterial transformation 
     Subcloning Efficiency™ DH5™ chemically competent E. coli cells were used, 
according to the manufacturer’s instructions [Invitrogen™]. Once thawed on ice, 50 µl of 
bacterial cells were transferred to 1.5ml microcentrifuge tubes and 10 µg of plasmid DNA 
added. Following a 30-minute incubation on ice, the cells were heat-shocked at 42 °C for 20 
seconds and placed on ice for a further 2 minutes. Lysogeny broth (LB) was added (950 µl per 
tube) and the cells incubated at 37 °C for 1 hour at 225 rpm. Bacterial cells were pelleted by 
centrifugation at 13,000 rpm for 3 minutes in a bench-top centrifuge and re-suspended in 50-
100 µl of LB. The bacterial cells were then spread onto pre-warmed LB-agar plates containing 
the appropriate antibiotics and incubated at 37 °C without shaking for 16 hours. A single 
colony was selected from each LB-agar plate and incubated at 37 °C for a further 16 hours at 
225 rpm in 5 ml of LB containing antibiotics.  
2.2.1.2 DNA purification and sequencing 
     All steps were performed at room temperature. Plasmid DNA was purified using the 
Wizard® Plus SV Minipreps DNA Purification System [Promega]. 4.5 ml of the bacterial 
starter culture was centrifuged at 10,000 x g in a table-top centrifuge for 5 minutes and the 
supernatant discarded. The bacterial pellets were then re-suspended in 250 µl of cell lysis 
solution and incubated for 5 minutes, or until the solution had cleared. 10 µl of alkaline 
protease was added to inhibit endonucleases and other proteins released during lysis and the 
solution incubated for 5 minutes.  Following this, 350 µl of neutralisation solution was added 
and the bacterial lysate centrifuged at 14,000 x g for 10 minutes.  The cleared lysate was then 
transferred to a spin column, centrifuged at 14,000 x g for 1 minute and the flow-through 
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discarded.  Plasmid DNA was then washed twice with column wash solution, centrifuged at 
14,000 x g for 2 minutes and the spin column transferred to a new 1.5 ml microcentrifuge 
tube.  Plasmid DNA was finally eluted in 100 µl of nuclease-free water and the DNA 
concentration quantified using the NanoDrop 1000 Spectrophotometer [NanoDrop, 
Wilmingtion, DE, USA]. 
     For sequencing, 250 ng of plasmid DNA was mixed with 3.2 pmol of forward or reverse 
primers in a total volume of 10 µl.  T7 short forward and BGH reverse primers were used for 
sequencing pcDNA3.1+ plasmids and T7 short forward and T3 reverse primers were used for 
sequencing pCI-NEO plasmids (Table 2.2). 
Sequence Name Sequence 
T7 short forward 5’ TAATACGACTCACTATAGGG 3’ 
T3 reverse 5’ ATTAACCCTCACTAAAG 3’ 
BGH reverse 5’ TAGAAGGCACAGTCGAGG 3’ 
 
Table 2.2 Table of forward and reverse primer sequences for sequencing pcDNA3.1+ and 
pCI-NEO vectors. 
 
2.2.1.3 DNA amplification 
    Plasmid DNA, with the correct sequence, was amplified using the GenElute™ High 
Performance (HP) Plasmid Maxiprep Kit [Sigma]. 300 µl of the bacterial starter culture was 
transferred to 150 ml of LB containing antibiotics and incubated overnight at 37 °C in an 
orbital shaker set to 225 rpm. All steps were performed at room temperature. The overnight 
culture was centrifuged at 5,000 x g for 10 minutes and the bacterial pellets re-suspended in 
12 ml of resuspension/RNase A solution. The bacterial cells were then lysed upon addition of 
12 ml of lysis solution, immediately followed by 6-8 inversions. After a 5-minute incubation, 
12 ml of chilled neutralisation solution was added to terminate lysis and the solution inverted 
4-6 times. 9 ml of binding solution was then added and the bacterial lysate inverted twice 
Chapter 2  Materials and Methods 
 
   60 
before being transferred to the barrel of a filter syringe, where it was left to stand for 5 
minutes. During this incubation period, the binding column was prepared by adding 12 ml of 
column preparation solution followed by centrifugation at 3,000 x g for 2 minutes. The 
cleared bacterial lysate was then filtered through the syringe into the binding column and 
centrifuged at 3,000 x g for 2 minutes. The bound DNA was then washed by centrifuging with 
12 ml of wash solution 1 at 3,000 x g for 2 minutes. This was followed by a second wash-step 
with 12 ml of wash solution 2 and centrifugation at 3,000 x g for 5 minutes. DNA was finally 
eluted in 3 ml of nuclease-free deionised water (NF-dH2O) by centrifuging at 3,000 x g for 5 
minutes. Plasmid DNA concentration was determined using the NanoDrop 1000 
Spectrophotometer [NanoDrop].  
 
2.2.2 Transfection of Bacterial Plasmids 
     Plasmid transfection was performed 24 hours after seeding cells using TransIT®-LT1 or 
TransIT®-2020 transfection reagents [Mirus Bio LLC, Madison, WI, USA] at a 3:1 ratio with 
plasmid DNA (6 µl of transfection reagent : 2 µg plasmid DNA per well of a 6-well plate). 
Transfections were carried out according to the manufacturer’s instructions.  Plasmid DNA 
was diluted in pre-warmed Opti-MEM® I reduced serum medium [Life Technologies Ltd] 
before addition of the transfection reagent, which was warmed to room temperature and 
briefly vortexed beforehand. The mixture was then left to stand for 30 minutes to enable 
DNA-lipid/polymer complexes to form. After this incubation period, 200 µl of the 
transfection mixture was added per well.  For T25 cm2 flasks, 5 µg of plasmid DNA was 
required and 500 µl of the transfection mixture was added per flask. Total protein and RNA 
was harvested 24 or 48 hours post-transfection. 
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2.2.3 siRNA transfection 
     Small double-stranded RNA molecules, known as short interfering RNA (siRNA), were 
used to initiate the RNA interference pathway (RNAi) in order to silence expression of 
specific messenger RNAs (mRNA). siRNA transfection was carried out using either 
Lipofectamine™ 2000 [Invitrogen™] or siPORT™ NeoFX™ [Invitrogen™] transfection 
reagents according to the manufacturer’s instructions.  Briefly, target gene-specific siRNA or 
non-targeting scrambled control siRNA were delivered to cells, seeded 24-hours prior to 
transfection, in pre-warmed Opti-MEM® I reduced serum medium [Life Technologies Ltd] at 
a final concentration of 100 nM. The transfection reagent and siRNA were diluted in separate 
aliquots of Opti-MEM® and incubated for 5 minutes at room temperature.  The aliquots were 
then combined and left to stand for an additional 15 minutes. The media was then removed 
from the cells and replaced with 1 ml per well (6-well plate) of the transfection mixture. Total 
protein or RNA was then harvested 48-72 hours post-transfection. 
 
2.3 RNA extraction and quantification 
     Total RNA was extracted from matched human HNSCC tumour and normal tissue 
specimens using the RNeasy® Micro Kit [Qiagen] according to the manufacturer’s 
instructions. Total RNA was quantified using the NanoDrop 1000 Spectrophotometer at the 
λ260 nm wavelength [NanoDrop].  
     RNA extraction from cells was carried out using a guanidine thiocyanate and phenol 
monophasic solution (TRI reagent [Sigma-Aldrich]). All quantities refer to RNA extraction 
from cells seeded in a 6-well plate. Media was removed and the cells washed once with 
phosphate buffered saline (PBS). 500 µl per well of TRI reagent was then added and the 
samples transferred to 1.5 ml microcentrifuge tubes and subjected to a freeze/thaw cycle at -
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80 °C. Once thawed, 100 µl of chloroform (≥ 99.5 %) [Sigma-Aldrich] was added and the 
samples shaken vigorously for 15 seconds before being left to stand for 15 minutes at room 
temperature. Samples were then subjected to centrifugation at 12,000 x g for 15 minutes at 4 
°C and the uppermost aqueous layer containing the RNA transferred to a clean 1.5 ml 
microcentrifuge tube, to which, 250 µl of isopropanol [Sigma-Aldrich] was added. Following 
this, the samples were incubated for a further 10 minutes at room temperature, centrifuged at 
12,000 x g for 10 minutes at 4 °C and the supernatant discarded. The pelleted RNA was 
washed once in 500 µl of 75 % ethanol [VWR International Ltd, Lutterworth, UK] and then 
centrifuged at 9,000 x g for 5 minutes at 4 °C. The ethanol was removed and the pellet left to 
air-dry for approximately 10 minutes before being resuspended in 20-30 µl of NF-dH2O. 
Total RNA concentrations were quantified using the NanoDrop 1000 Spectrophotometer at 
the λ260 nm wavelength [NanoDrop]. 
 
2.4  Reverse transcription 
     Total RNA was reverse transcribed using the Reverse Transcription System [Promega].  
500 ng of RNA was reverse transcribed in a total reaction volume of 10 µl with the avian 
myeloblastosis virus (AMV) reverse transcriptase. The reaction mix consisted of 2 µl of 25 
mM magnesium chloride (MgCl2), 1 µl of 10X reverse transcription buffer, 1 µl of 10 mM 
deoxynucleotide triphosphate (dNTP) mix, 0.25 µl of recombinant RNasin® ribonuclease 
inhibitor, 7.5 units of AMV reverse transcriptase, 0.5 µl of random hexamer primers and 4.9 
µl of RNA. The reactions were as follows; room temperature for 10 minutes, 42 °C for 60 
minutes, 95 °C for 5 minutes and 4 °C for 5 minutes. The samples were then briefly 
centrifuged and diluted to 10 ng/µl in 40 µl of NF-dH2O. 
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2.5 Quantitative real-time PCR (qPCR) 
     The relative expression levels of mRNAs encoding different proteins were determined by 
quantitative, real-time PCR.  Experiments were performed using the ABI 7500 Sequence 
Detection System [Applied Biosystems™, Thermo Fisher Scientific, Paisley, UK] in 
conjunction with pre-designed and pre-optimised Taqman® gene expression assays [Applied 
Biosystems™] or with custom-designed primers [Sigma-Aldrich].  
    Taqman® gene expression assays consist of a pair of unlabelled sequence-specific forward 
and reverse primers and a Taqman® probe. Covalently linked to the 3’ end of the probe is a 
fluorescent reporter dye, either VIC® (full name patent protected) or FAM™ (6-carboxy-
fluorescien), and at the 3’ end the quencher dye, TAMRA™ (tetramethylrhodamine). Whilst 
the probe is intact, the quencher dye is in close proximity to and suppresses fluorescence 
emission by the reporter dye via a mechanism known as fluorescence resonance energy 
transfer (FRET). During this process, the reporter dye, in its electronic excited state, acts as a 
donor and transfers energy to the low energy quencher dye. The probe anneals downstream of 
the primers and, as Taq DNA polymerase extends the primers, is degraded by the 5’ to 3’ 
endonuclease activity of the polymerase. Degradation of the probe releases the reporter dye, 
which is no longer in close proximity with the quencher dye and therefore enables 
fluorescence emission and detection of this excitation by the real-time PCR thermal cycler. As 
the reporter dyes are cleaved from their respective probe during each PCR cycle, the 
fluorescence detected by the real-timer PCR thermal cycler is directly proportional to the level 
of DNA template in the sample. 
     Real-time PCR reactions were carried out in duplicate in MicroAmp optical 96-well PCR 
reaction plates [Applied Biosystems™] in a total volume of 20 µl. Each reaction consisted of 
2 µl of cDNA (10 ng/µl), 1 µl of the appropriate Taqman® gene expression assay [Applied 
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Biosystems™], 10 µl of 2X qPCR Master Mix Plus QGS (HotGoldStar DNA polymerase, 
dNTP, dUTP, MgCl2, Uracil-N-glycosylase (UNG), stabilisers and ROX™ passive reference) 
[Eurogentec, Southampton, UK], and 8 µl of NF-dH2O. Where, custom-designed primers and 
probes were being used, the reaction buffer consisted of the following: 2 µl of cDNA, 1 µl of 
forward PCR primer, 1 µl of reverse PCR primer, 1 µl of probe, 10 µl of 2X qPCR Master 
Mix Plus QGS and 5 µl of NF-dH2O.  All target gene probes were labelled with FAM™. 18S 
and PPIA were used as internal references to account for variations in reverse transcription 
and real-time PCR amplification efficiencies between samples and were labelled with VIC® 
and FAM™, respectively. PCR reactions were performed under the following conditions: 50 
°C for 2 minutes to enable activation of UNG, which minimises carry-over of PCR products 
(Longo et al. 1990), 95 °C for 10 minutes, for activation of HotGoldStar DNA polymerase 
and to inactivate UNG, followed by 45 cycles of 95 °C for 15 seconds (to denature the DNA 
template) and 60 °C for 1 minute (to enable primers and probe annealing and primer 
extension). 
     The threshold line for each PCR reaction was positioned within the exponential phase of 
the amplification curve. The threshold cycle (Ct) value was then calculated as the PCR cycle 
number at which each logarithmic PCR plot on the amplification curve intersected the set 
threshold line. The ΔCt value was then calculated by subtracting the Ct value of the internal 
reference from the Ct value of the target gene for each sample. Fold changes in mRNA 
expression levels between the control and experimental groups were then assessed by use of 
the formula 2-ΔΔCt, where ΔΔCt was the ΔCt value of the experimental group subtracted by the 
ΔCt value of the control group. 
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2.6 Western blotting 
2.6.1 Protein extraction and quantification 
     24-48 hours post-transfection, cells were washed with phosphate buffered saline (PBS) and 
lysed with radioimmunoprecipitation assay (RIPA) lysis buffer (150 mM sodium chloride, 50 
mM Tris pH 7.4, 6 mM sodium deoxycholate, 1 % v/v Igepal CA-630 and 1 mM 
ethylenediaminetetraacetic acid (EDTA)), containing 60 µl/ml of Protease Inhibitor Cocktail 
(104 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), 80 µM Aprotinin, 4 mM 
Bestatin, 1.4 mM E-64, 2 mM Leupeptin and 1.5 mM Pepstatin A in dimethyl sulfoxide 
(DMSO)) [Sigma-Aldrich], which inhibits serine, cysteine and aspartic proteases, as well as, 
aminopeptidases. For the specific detection of phosphorylated proteins, phosphatase inhibitor 
cocktails [Sigma-Aldrich] (Cocktail 2 (for Tyrosine phosphatase inhibition): sodium 
orthovanadate, sodium molybdate, sodium tartrate, imidazole; Cocktail 3 (for 
Serine/Threonine Phosphatase inhibition): Cantharidin, (−)-p-Bromolevamisole oxalate and 
Calyculin A) were also added at 10 µl/ml. Cells were then subjected to a single freeze-thaw 
cycle at -20 °C for a minimum of 20 minutes to aid cellular lysis, scraped and then transferred 
to clean microcentrifuge tubes following centrifugation at 12,000 x g for 20 minutes at 4 °C.  
     Protein concentrations were assessed by Pierce™ bicinchoninic acid (BCA) colorimetric 
assay [Thermo Scientific™, Thermo Fisher Scientific, Paisley, UK]. Bovine serum albumin 
(BSA) protein standards were prepared at concentrations 0, 0.125, 0.25, 0.5, 0.75, 1.0, 1.5, 
2.0, 2.5 and 5.0 µg/ml in RIPA buffer to compare with the cell lysates. Protein standards and 
cell lysates were measured in duplicate in a 96-well plate, with 78.4 µl of Reagent A and 1.6 
µl of reagent B added to each sample. The plate was then incubated for 30 minutes at 37 °C 
and absorbance measured at 560 nM using the Victor3 1420 Multilabel Counter [PerkinElmer, 
Chapter 2  Materials and Methods 
 
   66 
Waltham, MA, USA]. Protein concentrations were then determined using the standard curve 
generated from the BSA protein standards. 
 
2.6.2 Western blotting 
     Protein samples were prepared at 25-30 µg with 20 % v/v 5X protein loading buffer (250 
mM Tris pH 6.8, 10 % sodium dodecyl sulphate (SDS), 0.02 % bromophenol blue, 50 % 
glycerol and 12.5 % β-mercaptoethanol) and incubated at 95ºC for 5 minutes before pulse 
centrifuging at 13,000 rpm in a bench-top centrifuge. The resolving gel (375 mM Tris pH 8.8, 
12 % acrylamide (from 30 % (w/v) acrylamide:0.8 % (w/v) bis-acrylamide stock) [Geneflow, 
Lichfield, UK], 3.5 mM SDS, 0.1 % (v/v) tetramethylethylenediamine (TEMED) [Sigma-
Aldrich] and 4.4 mM ammonium persulphate (APS) [Sigma-Aldrich] was prepared, followed 
by the stacking gel (375 mM Tris pH 6.8, 5 % acrylamide, 7 mM SDS, 0.2 % TEMED and 
8.8 mM APS), and the protein samples separated by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) in running buffer (24.8 mM Tris, 192 mM glycine and 3.5 mM SDS). Protein 
samples were run alongside 5 µl of BLUeye pre-stained protein ladder (10-245 kDa) 
molecular weight marker [Geneflow]. 
     The separated proteins were subsequently transferred onto polyvinylidene difluoride 
(PVDF) membranes [Fisher Scientific™], previously activated by immersion in 100 % 
methanol for a minimum of 30 seconds, in transfer buffer (25 mM Tris, 192 mM glycine and 
20 % methanol) at 360 mA for 1 hour and 20 minutes. Membranes were then blocked with 5 
% w/v skimmed milk powder [Marvel; Premier Foods Group Ltd, London, UK] or 5 % w/v 
IgG-free BSA [Stratech, Scientific Ltd, Suffolk, UK] in Tris-buffered saline containing tween 
(TBS-T; 20 mM Tris pH 7.6, 137 mM sodium chloride, 0.00025 % v/v tween-80®) for 1 hour 
30 minutes at room temperature. Primary antibodies were prepared in 5 % skimmed milk or 5 
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% IgG-free BSA in TBS-T at the following v/v ratios: polyclonal rabbit anti-human PBF 1: 
500 (made for our laboratory using the full length PBF protein as the epitope (Smith et al. 
2009) [Eurogentec, Seraing, Germany], monoclonal mouse anti-human PTTG 1:1000 
[Abcam, Cambridge, UK], monoclonal rabbit anti-human T60-phosphorylated PTTG 1:200 
[CovalAb, Villeurbanne, France], monoclonal mouse anti-human HA 1:1000 [Biolegend, San 
Diego, CA, USA] and monoclonal mouse anti-human p53 1:500 [Santa Cruz Biotechnology, 
Dallas, TX, USA]. The membranes were incubated with 5 ml of primary antibody overnight 
at 4ºC with gentle rocking. Excess antibody was removed by washing 3 times for 10 minutes 
at room temperature with TBS-T before incubating with the secondary antibody (horseradish 
peroxidase (HRP)-conjugated polyclonal goat anti-rabbit or rabbit anti-mouse 
immunoglobulins) prepared in 5 ml of 5 % skimmed milk in TBS-T for 1 hour at room 
temperature with rocking. Following 3 10-minute washes with TBS-T, membranes were 
incubated with Pierce™ ECL chemiluminescent substrate [Thermo Scientific™] in order to 
detect antigen-antibody complexes. 
 
2.7 Co-immunoprecipitation 
     Cells seeded in 25 cm2 tissue culture flasks were harvested in 500 µl of modified RIPA 
buffer (150 mM sodium chloride, 50 mM Tris pH 7.4, 6 mM sodium deoxycholate, 1 % v/v 
Igepal CA-630 and 1 mM ethylene glycol tetraacetic acid (EGTA)) containing 60 µl/ml of PI 
cocktail. Samples were sonicated twice for 30 seconds on the medium setting of the 
Diagenode Bioruptor® [Diagenode, Seraing, Belgium] before centrifuging at 4 °C for 30 
minutes at 13,000 rpm. The cell lysate was then transferred to a clean microcentrifuge tube 
and 50 µl removed and stored at -20 °C. Primary antibody at the appropriate concentration 
was then added to the remaining cell lysate and incubated overnight at 4 °C with end-over-
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end mixing. Protein G sepharose beads [GE Healthcare Life Sciences, Little Chalfont, 
Buckinghamshire, UK] were pulse centrifuged and resuspended in modified RIPA buffer. 50 
µl of the protein G sepharose bead slurry was then added and the samples incubated at 4 °C 
with end-over-end mixing for a further 2 hours. The samples were pulse centrifuges to pellet 
the beads and the supernatant discarded. Unbound protein was eliminated by washing the 
beads in 500 µl of modified RIPA buffer followed by pulse centrifugation. Bound protein was 
subsequently eluted in 2x loading buffer (1:20 β-mercaptoethanol and 1 % SDS in Laemmli 
buffer [Bio-rad Laboratories Ltd, Hemel Hempstead, Hertfordshire, UK]) and incubated at 37 
°C for 30 minutes. Loading buffer was also added at a 1:1 ratio (v:v) to the retained whole 
cell lysates and both these and the immunoprecipitated samples loaded onto 12 % acrylamide 
gels for subsequent analysis via Western blotting (as described above). 
 
2.8 p53 half-life assay 
     Half-life assays to determine the effect of PBF and PTTF on p53 stability were performed 
24 hours post-transfection. Media was removed from the cells and replaced with 1 ml per well 
of Anisomycin [Sigma-Aldrich] diluted in pre-warmed Opti-MEM® I reduced serum medium 
at a final concentration of 100 mM at the following time points: 0, 60, 90 and 120 minutes. 
Following the 2-hour time-course, total cellular protein was harvested in RIPA buffer 
containing 60 µl/ml of PI cocktail and the samples prepared for Western blotting. 
 
2.9 BrdU cell proliferation assay 
     The rate of cellular proliferation was assessed by labelling cellular DNA with the 
pyrimidine analog, BrdU (5-bromo-2’deoxyuridine) [Cell proliferation ELISA, BrdU 
(colorimetric), Roche, Burgess Hill, UK]. BrdU becomes incorporated into newly synthesised 
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DNA during cell proliferation, substituting for thymidine. Detection of incorporated BrdU 
using antibodies specific for BrdU allows labelling of actively replicating cells in the S phase 
of the cell cycle. 
     Cells were seeded into 96-well tissue culture plates in 100 µl of complete medium and 
incubated overnight at 37 °C, 5 % CO2 to allow cells to adhere. After 20 hours, the cells were 
incubated for a further 4 hours at 37 °C, 5 % CO2 with 100 µM BrdU labelling reagent. The 
BrdU labelling reagent was then aspirated and the cells fixed and DNA denatured upon 
addition of 200 µl per well of FixDenat with subsequent incubation at room temperature for 
30 minutes. After removal of the FixDenat solution, the cells were incubated for 90 minutes at 
room temperature with 100 µl per well of anti-BrdU-peroxidase antibody. The anti-BrdU-
peroxidase antibody binds to the BrdU incorporated into newly synthesised DNA. Immune 
complexes were then detected by addition of 100 µl per well TMB (3,3’,5,5’-
Tetramethylbenzidine) substrate solution for 15 minutes. Absorbance was measured at 405 
nm using the Victor3 1420 Multilabel Counter [PerkinElmer]. 
 
2.10 Immunuhistochemistry 
     Paraffin embedded formalin fixed tissue sections were immunostained using the 
Novocastra™ Novolink™ Max Polymer Detection System [Leica Biosystems, Wetzlar, 
Germany], according to the manufacturer’s instructions. Sections were dewaxed in Xylene 
[Fisher Scientific™] and rehydrated using a propan-2-ol [Fisher Scientific™] concentration 
gradient. The slides were then rinsed with dH2O and antigen retrieval performed using Target 
Retrieval Solution, Sodium Citrate pH 6.0 [Dako] at a 1:10 dilution in dH2O. Slides in diluted 
Target Retrieval Solution were then placed in a bench-top antigen retrieval chamber [2100-
Retriever, Electron Microscopy Sciences, Hatfield, PA, USA] for 30 minutes and allowed to 
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cool for a further 20 minutes. The slides were then washed with 50mM Tris/150mM sodium 
chloride (pH 7.6) (TBS) and incubated with 100µl of 3 % (v/v) hydrogen peroxide for 10 
minutes to block endogenous peroxidase activity. Following 3 5-minute washes in TBS, the 
slides were blocked with 100µl of 0.4 % casein in phosphate-buffered saline (PBS), with 
stabilisers, surfactant, and 0.2 % Bronidox L as a preservative [Leica Biosystems] for 10 
minutes. After blocking, the slides were incubated with 100µl of the relevant primary 
antibody diluted in PBS containing 1 % IgG-free Bovine Serum Albumin (BSA) [Jackson 
ImmunoResearch Laboratories, Pennsylvania, USA], 0.1 % Tween-20, and 10 % normal 
serum for 16 hours at 4 °C in a humidity chamber. The specificity of each antibody was 
confirmed by addition of control tissue sections, in which the, the primary antibody was 
replaced with non-immune serum. Following 3 5-minute washes in TBS, the slides were 
incubated with 100µl of Post Primary Block solution (rabbit anti-mouse IgG (<10µg/ml) in 10 
% (v/v) animal serum in TBS/0/09 % ProClin™ 950) [Leica Biosystems] for 30 minutes, 
followed by 3 5-minutes washes with TBS, and then incubated with 100µl of Novolink™ 
Polymer solution (anti-rabbit-Poly-HRP-IgG (<25µg/ml) in 10 % (v/v) animal serum in 
TBS/0.09 % ProClin™ 950) [Leica Biosystems] for 30 minutes. Excess polymer solution was 
removed with 5 minute washes in TBS, after which, the peroxidase activity was developed by 
addition of 100µl of DAB Working solution (DAB chromogen (1.74 % w/v 3,3' - 
diaminobenzidine) diluted 1:20 in Novolink™ DAB Substrate Buffer (solution containing 
≤0.1 % hydrogen peroxide) [Leica Biosystems]. Nuclei were then counterstained using 
Meyer's Haematoxylin [Sigma-Aldrich] for 10 seconds and the slides subsequently 
dehydrated using graded propan-2-ol concentrations. Lastly, sections were cleared in Xylene 
and mounted with coverslips using VectaMount™ permanent mounting medium [Vector 
Laboratories, Burlingame, CA, USA]. Slides were stored at room temperature. 
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2.11 List of antibodies 
Antibody Clone Supplier 
Anti-PBF-8 Rabbit polyclonal Eurogentec 
Anti-Y174-phosphorylated 
PBF 
Rabbit monoclonal CovalAb 
Anti-PTTG1 
Mouse monoclonal IgG2a [DCS-280] 
[ab3305] Abcam 
Anti-T60-phosphorylated 
PTTG1 Rabbit monoclonal CovalAb 
Anti-p53 Mouse monoclonal IgG2a [DO-1] [sc-126] 
Santa Cruz 
Biotechnology 
Anti-HA11 Mouse monoclonal IgG1 [16B12] Biolegend 
Anti-CDKN2A/p16INK4a 
Rabbit monoclonal IgG [EPR1473] 
[ab108349] Abcam 
Anti-Rb Mouse monoclonal IgG1 [IF8] [sc-102] 
Santa Cruz 
Biotechnology 
Anti-phospho-p53 (Ser-15) Rabbit polyclonal [9284] Cell Signaling 
Anti-phospho-Histone H2A.X 
(S139) Mouse monoclonal [JBW301] [16-193] Millipore 
Anti-β-actin Mouse monoclonal [AC-15] Sigma-Aldrich 
 
2.12 Statistical analysis 
     Data were analysed using GraphPad Prism version 5.0. The Normal Quantile Plot test was 
used to determine whether data followed normal distribution. If the data was found to follow 
normal distribution, statistical analysis was performed using a two-sample student’s t test. On 
the other hand, for non-parametric data, the Mann-Whitney U test was utilised when 
comparing two groups of data. Analysis of variance (ANOVA) and Kruskal-Wallis tests were 
used for between-group comparisons of multiple groups of parametric and non-parametric 
data, respectively. Significance was taken as p < 0.05.  
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3.1  General Introduction 
     Head and neck squamous cell carcinomas (HNSCC) are a highly diverse group of 
malignancies that arise in the mucosal lining of various sites within the head and neck region. 
These include the oral cavity, nasal cavity, paranasal sinuses, nasopharynx, oropharynx, 
hypopharynx and larynx. As a result of such heterogeneity, the epidemiological, histological 
and biological characteristics, as well as the clinical outcomes of this disease, vary 
considerably (Gillison 2004, Cancer Genome Atlas Network 2015). 
     HNSCC has been historically associated with heavy tobacco and alcohol consumption 
(Blot et al. 1988, Franceschi et al. 1990). The malignancy predominantly affects older 
individuals and is almost three times more common in males than females (Jemal et al. 2011). 
Locally advanced HNSCC is generally aggressive and can be difficult to treat. At present, a 
multimodal approach is used and involves surgical resection of the tumour mass followed by 
radiotherapy, with or without chemotherapy (Homer 2016, Nutting 2016). Unfortunately such 
indiscriminate therapy is often associated with severe long-term side-effects and functional 
deformities and despite treatment, the majority of patients carry a poor prognosis, with 
extremely low survival rates, particularly compared to other cancers, such as breast, cervix 
and colon (Jemal et al. 2011).  
     In recent years high-risk human papilloma viruses (HPV), in particular HPV-16, have been 
established as important drivers of OPSCC (Gillison et al. 2000, Chaturvedi et al. 2008). 
Interestingly, HPV-related OPSCC tends to occur in younger individuals and is associated 
with lower tobacco and alcohol consumption (Gillison et al. 2008, van Monsjou et al. 2013). 
Furthermore, evidence from global genomic screening efforts have demonstrated significant 
differences in chromosomal and gene expression profiles between HPV-negative and HPV-
positive OPSCC and it is now widely accepted that both represent entirely distinct disease 
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subtypes (Dahlgren et al. 2003, Pyeon et al. 2007, Lohavanichbutr et al. 2009, Cancer 
Genome Atlas Network 2015). Importantly, although initial therapeutic strategies do not 
differ between HPV-negative and HPV-positive OPSCC, patients with HPV-positive OPSCC 
consistently have a more favourable prognosis (Fakhry et al. 2008) and often undergo 
treatment de-intensification to reduce toxicity associated with therapy (Mirghani et al. 2015). 
However, there remains a small subpopulation of HPV-positive OPSCC patients who 
demonstrate a worse outcome (Ang et al. 2010), thus making de-intensification problematic. 
Due to the aetiological, biological and clinical heterogeneity associated with HNSCC, 
particularly OPSCC, novel prognostic and predictive biomarkers are urgently required to help 
facilitate better patient selection, which will invariably prevent unnecessary treatment and 
related toxicity. With the exception of HPV status, risk stratification is currently based on the 
anatomical site, histological grade and TNM stage (Patel, Shah 2005). Additional biological 
markers will enable identification and further stratification of patients who are more likely to 
benefit from targeted molecular therapies, hopefully improving patient outcome. 
     Since its discovery, the pituitary tumor transforming gene (PTTG) has been shown to be 
involved in a diverse array of cellular processes including DNA repair (Kim et al. 2007b), 
growth factor expression (Boelaert et al. 2003a) and angiogenesis (Kim et al. 2007a). Known 
as the human securin, PTTG also plays a crucial role in mitotic regulation during the 
metaphase to anaphase transition by mediating sister chromatid separation (Zou et al. 1999). 
Furthermore, overexpression of PTTG has been documented in a wide range of tumour types, 
including oesophageal cancer and squamous cell carcinomas of the head and neck, where 
elevated expression is independently associated with advanced tumour stage, lymph node 
metastasis and poor survival rates (Shibata et al. 2002, Zhou et al. 2005, Solbach et al. 2006, 
Ito et al. 2008, Zhang et al. 2013, Zhang et al. 2014), thereby suggesting PTTG 
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overexpression may be of prognostic significance in the setting of HNSCC. However, the 
precise mechanisms underlying the involvement of PTTG in tumourigenesis remain elusive. 
     Phosphorylation of PTTG may be of particular importance as mis-regulation of this 
process may contribute to PTTG’s oncogenic action. Systematic mutation of all 32 potential 
phosphorylatable serine, threonine and tyrosine residues in the human PTTG protein to 
alanine or glycine has recently led to the discovery of a putative phosphorylation site, 
threonine-60 (T60), near the destruction box motif (D-box) (Mora-Santos et al. 2013). 
Abrogation of PTTG-T60 phosphorylation by mutation (T60A) resulted in greater expression 
as a consequence of a prolonged half-life (30 minutes compared to 18 minutes for wild type 
PTTG) (Mora-Santos et al. 2013). Moreover, stable transfection of the T60A mutant in 
HCT116 cells devoid of PTTG (HCT116sec-/-) induced tetraploidy, a form of chromosomal 
instability, as ascertained through fluorescent in-situ hybridisation (FISH). The T60A mutant 
also augmented the invasiveness of HCT116sec-/- cells when assessed using Matrigel invasion 
assays, possibly as a result of altered expression of numerous invasion-related genes, 
including matrix metalloproteases (MMP7, MMP9 and MMP13), cell adhesion molecules 
(CDH1, NCAM, CTNND2, LAMA3 and LAMB3) and integrins (ITGB5, ITGB2 and 
ITGA7) (Mora-Santos et al. 2013). The discovery of a point mutation (T60N) at this residue 
in human breast cancer provides further support that PTTG-T60 phosphorylation may be of 
biological and clinical importance, particularly, in the early detection and treatment of cancer 
(Stephens et al. 2012). 
     The purpose of this chapter was firstly to validate previously published data suggesting 
PTTG is overexpressed in HNSCC and may serve as a prognostic biomarker. We next wanted 
to assess whether PTTG is phosphorylated at residue T60 in human HNSCC and whether this 
is also associated with various clinicopathological parameters, such as tumour stage and nodal 
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status. Finally, as HPV-positive and HPV-negative OPSCCs represent biologically distinct 
disease subtypes, we also wished to elucidate any potential differences in PTTG expression 
and/or subcellular localisation between these two groups. To this end, total RNA was 
extracted from fresh-frozen tissue sections and PTTG mRNA expression assessed by real-
time quantitative PCR. In addition, total and T60-phosphorylated PTTG protein expression 




3.2.1 Cell Lines 
     HeLa cells were maintained in complete culture medium as described in section 2.1. 
 
3.2.2 Human tissue specimens 
3.2.2.1 Fresh-frozen tissue 
     Matched tumour and normal tissue specimens were a kind gift from Professor Hisham 
Mehanna (Institute of Head and Neck Studies and Education (inHANSE), University of 
Birmingham, Birmingham, UK). HNSCC tissue specimens were available from 24 patients 
who underwent surgery at the University Hospital Birmingham NHS Trust, UK. The samples 
provided were from 4 representative anatomical locations; oral cavity (14), oropharynx (5), 
larynx (3) and hypopharynx (2). Matched normal tissue was taken at least 3 cm from the 
tumour margin and was histologically examined to confirm the tissue was non-cancerous. 
Tissue samples were immediately snap-frozen in liquid nitrogen and then stored at -80 °C. 
Clinical follow-up data, including tumour type, tumour sub-site, TNM staging, 
smoking/alcohol history and p16 status were also available. 
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3.2.2.2 Tissue microarrays 
     Formalin-fixed, paraffin-embedded tissue sections were a kind gift from Professor Hisham 
Mehanna (Institute of Head and Neck Studies and Education (inHANSE), University of 
Birmingham, Birmingham, UK). HNSCC tumour specimens were arranged on tissue 
microarrays (TMA), with 2-4 sections per patient. Each section had a diameter of 1 mm and a 
thickness of 4 mm and was taken from morphologically representative areas of the whole 
tumour. A total of 53 cases were available from patients who underwent surgery at the 
University Hospitals Coventry and Warwickshire NHS Trust, UK or the Royal Liverpool and 
Broadgreen University Hospitals NHS Trust, UK. All samples provided were from the 
oropharynx. Demographic and clinical follow-up data, including tumour type, tumour sub-
site, TNM staging, smoking/alcohol history and HPV status were also available. 
3.2.2.3 Ethics 
     All specimens at the time of surgery were obtained following appropriate ethical approval 
and informed patient consent. Ethical approval was granted by the Yorkshire & the Humber-
Leeds East National Research Ethics Service (NRES) committee (REC no. 14/YH/1101, 
secondary objective 10). 
 
3.2.3 RNA extraction, reverse transcription and quantitative real-time PCR 
     Total RNA was extracted from fresh-frozen tissue specimens using the RNeasy® Micro 
Kit [Qiagen] according to the manufacturer’s instructions. Total RNA was quantified using 
the NanoDrop 1000 Spectrophotometer at the λ260 nm wavelength [NanoDrop].  
     Total RNA was then reverse transcribed using the Tetro cDNA synthesis kit [Bioline] as 
per the manufacturer’s guidelines. Briefly, 1 µg of RNA was reverse transcribed in a total 
volume of 20 µl with moloney murine leukemia virus (MMLV) reverse transcriptase. The 
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reaction mix consisted of 1 µl of random hexamer primers, 1 µl of 10 mM dNTP mix, 1 µl of 
5X reverse transcription buffer, 1 µl of RiboSafe RNase inhibitor (10 U/µl), 1 µl of MMLV 
reverse transcriptase (200 U/µl), 1 µg of total RNA and diethylpyrocarbonate (DEPC)-treated 
water up to 20 µl total volume. The reactions were then incubated at 25 °C for 10 minutes, 
followed by 45 °C for 1 hour and 85 °C for 5 minutes. The samples were then briefly 
centrifuged and stored at -20 °C. 
     Quantitative real-time PCR was performed as previously described in section 2.5. Taqman 
gene-specific expression assays for PPIA (Hs04194521_s1) and PTTG (Hs00851754_u1) 
were purchased from Applied Biosystems.  
 
3.2.4 Protein extraction, quantification and Western blotting 
     Protein was extracted from cell lysates and quantified as described in section 2.6.1. 
Western blotting was performed as described in section 2.6.2 using anti-PTTG 1:750, anti-
T60-phosphorylated PTTG 1:200 and anti-β actin 1:15,000 antibodies. The T60 phospho-
specific PTTG antibody was produced by CovalAb using three different peptides; CUK-
1323A long phospho-peptide: NH2 – C – FDAPPALPKATpRKAL –coNH2, CUK-1323B 
short phospho-peptide: NH2 – C –LPKATpRKA – coNH2, and CUK-1323C control peptide: 
NH2 – C – FDAPPALPKATRKAL – coNH2. Both CUK-1232A and B were used for the 
immunisations to obtain antibodies specific to the modification. The serum was then purified 
against the control peptide to remove non-specific antibodies and against CUK-1323B to 
retain only specific antibodies. The antibody was then immunopurified from the serum and 
stored at -20°C for long-term use. A small aliquot was also stored in 1 % BSA (w/v) to help 
stabilise the antibody solution. For peptide blocking experiments, the phospho-specific 
PTTG-T60 antibody was incubated with a two-fold excess of neutralising peptide (supplied 
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by CovalAb) for 2 hours at room temperature with gentle shaking before incubation with the 
appropriate Western blot membrane. Detected bands were then analysed and quantified by 
densitometry using Image J (public domain software, available at http://rsb.info.nih.gov/ij/). 
 
3.2.5 Immunohistochemistry 
     Paraffin-embedded, formalin-fixed tissue sections were immunostained using the 
Novocastra™ Novolink™ Max Polymer Detection System [Leica Biosystems], as outlined in 
section 2.10. Antibodies used were anti-PTTG 1:700 and anti-T60-phosphorylated PTTG 
1:50. Evaluation of the stained slides was performed independently and in a blinded manner 
by Dr Rasoul Amel-Kashipaz (Clinical Laboratory Services, Cellular Pathology, University 
Hospitals Birmingham NHS Foundation Trust, Queen Elizabeth Hospital Birmingham, 
Birmingham, UK) and I. Each individual section was analysed by light microscopy and 
visually scored according to staining intensity (Figure 3.1; 0= negative, +1= weak intensity, 
+2= moderate intensity and +3= strong intensity (for total PTTG only)) and percentage of 
staining observed in each of the three intensity categories. Conflicting results were reviewed 
until a final agreement was reached. Sections which were damaged or contained < 25 % 
tumourous tissue were excluded from further analyses. As the total number of patient samples 
was relatively low, cases where only one representative section was available were still 
included. For each tumour tissue section, an H-score was then calculated using a scoring 
method previously described by Hsueh et al. (Hsueh et al. 2013). The H-score was calculated 
by adding the percentage of cells stained at each intensity multiplied by the intensity of 
staining category as outlined in the following formula: H-score = [(1 x (% cells 1+)) + (2 x 
(% cells 2+)) + (3 x (% cells 3+))]. 
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Figure 3.1 Representative immunohistochemical staining of total PTTG (top panel) and T60-
phosphorylated PTTG (bottom panel) protein expression in head and neck tumour tissue 
microarray (TMA) sections. Columns 1-4 are representative of the different staining intensity 
scores (0= negative, +1= weak intensity, +2= moderate intensity, +3= strong intensity). Top 
row of images were taken at 4x magnification. Bottom row of images were taken at 20x 
magnification. Scale bars 100 µm.  
 
3.2.6 Statistical analysis 
     Statistical analyses were performed using GraphPad Prism version 5.0. The non-
parametric Wilcoxon matched pairs signed-rank test was used to assess PTTG mRNA 
expression in matched the head and neck tissue specimens.  The non-parametric Mann-
Whitney U test was used to assess correlations between clinical follow-up data and PTTG 
mRNA expression. Correlations between PTTG/PTTG-T60 H-scores and clinical follow-up 
data were assessed by Mann-Whitney U test and Fisher’s exact test. Statistical analyses could 
0 1+ 2+ 
PTTG-T60 
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not be performed for PTTG-pT60 H-score and alcohol status by Mann-Whitney U test as the 
majority of patients had a history of alcohol consumption, thus making the numbers in one 
category too small to analyse. The significance of the association between gene expression 
datasets was assessed by use of the Spearman’s rank-based correlation coefficient. Statistical 
significance was taken as p < 0.05.  
 
3.3 Results 
3.3.1 PTTG mRNA expression in head and neck squamous cell carcinoma 
3.3.1.1 PTTG mRNA is overexpressed in squamous cell carcinomas of the head and neck 
     To determine whether PTTG was upregulated in head and neck squamous cell carcinoma 
(HNSCC), PTTG mRNA expression levels were initially assessed in a series of 24 matched 
tumour and normal head and neck tissue specimens by quantitative real-time PCR. Complete 
demographic and clinical follow-up data were collected for all patient samples and are 
summarised in Table 3.1. The study population consisted of 16 males and 8 females and the 
majority had a history of previous or current tobacco and/or alcohol consumption. Nodal 
disease was present in almost 55 % of subjects and a further 21 % went on to develop 
recurrent disease. 
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Table 3.1 Table of patient characteristics for fresh-frozen tissue specimens. 
 
     As shown in Figure 3.2, PTTG mRNA expression was significantly upregulated in the 
HNSCC tumours when compared to corresponding matched normal head and neck tissue 





a Abbreviations: F, female; M, male 
b Abbreviations: X, no data available 
c Abbreviations: X, no data available, N/A, not applicable 
d T stage. Abbreviations: X, no data available; 1, tumour ≤ 2 cm; 2, tumour > 2 cm; 3, tumour > 4 cm; 4a, moderately advanced local 
disease; 4b, very advanced local disease 
e N stage. Abbreviations: X, no data available; 0, No regional lymph node metastasis; 1, Metastasis in a single ipsilateral lymph 
node ≤ 3 cm in greatest dimension; 2a, Metastasis in a single ipsilateral lymph node > 3 cm but not more than 6 cm in greatest 
dimension; 2b, Metastasis in a multiple ipsilateral lymph nodes - none > 6 cm in greatest dimension; 2c, Metastasis in bilateral or 
contralateral lymph nodes - none > 6 cm in greatest dimension; 3, Metastasis in a lymph node > 6 cm in greatest dimension 
f M stage. Abbreviations: X, no data available; 0, no distant metastasis; 1, distant metastasis 
g Tumour recurrence. Abbreviations: 0, no; 1, yes 
h p16 status determined by immunohistochemistry. Abbreviations: X, no data available; N/A, not applicable; -, negative; +, positive 
 
Case Gendera Smoking status Alcohol statusb Type Site Sub-sitec Td Ne Mf Rg P16h 
1 M Previous X Primary Hypopharynx Pyriform fossa 3 2b 0 Y - 
2 M Current Current Primary Oral Floor of mouth 2 2c 0 N - 
3 F Current Current Primary Larynx N/A 3 0 0 N N/A 
4 M Previous Current Primary Oropharynx Tonsil 3 2b 0 N + 
5 F Never Current Primary Hypopharynx X 3 1 1 N N/A 
6 M Never Never Primary Oral Tongue 4 2a 0 N N/A 
7 M Previous Current Primary Oral Tongue 1 1 0 Y N/A 
8 M Current Current Primary Oral Floor of mouth 2 2b 0 N N/A 
9 F Previous Never Primary Oral Floor of mouth 2 2c 0 N N/A 
10 M Current Current Primary Oral Tongue 3 0 0 N N/A 
11 M Current Current Primary Oral Tongue 1 0 0 N N/A 
12 F Never Current Primary Oral Mandible 4a 0 0 Y N/A 
13 F Current Current Primary Oral Mandible 1 0 0 N N/A 
14 F Current Current Primary Oral Tongue 4 0 0 N + 
15 M Previous Previous Primary Oral Mandible 4a 2b 0 N - 
16 M Previous Previous Primary Larynx X 4a 0 0 N N/A 
17 M Current Previous Recurrent Oropharynx Tonsil 2 0 0 Y - 
18 M Never Previous Primary Larynx X 4a 1 0 N N/A 
19 F Never Current Primary Oral Tongue 2 0 0 Y X 
20 M Current Current Primary Oral Tongue 4a 2b 0 N - 
21 M Current Current Primary Oral Floor of mouth 2 2c 0 N X 
22 M Current Current Primary Oropharynx Tonsil X X X N X 
23 F Current Current Primary Oropharynx Tongue base 4a 0 0 N - 
24 M Never Current Primary Oropharynx Tonsil 2 2c 0 N + 
Chapter 4  PBF expression in head and neck tumour tissue 
 







Figure 3.2 PTTG mRNA expression is upregulated in head and neck squamous cell 
carcinoma. Quantification of PTTG mRNA expression in head and neck squamous cell 
carcinoma (HNSCC) tumours (C) relative to matched normal (N) head and neck tissue 
specimens (n=24). Data presented as a box-whisker plot. The centre line represents the 
median fold change in mRNA expression, the box indicates the 25th and 75th percentiles and 
the whiskers represent the minimum and maximum values. * p ≤0.05. 
 
     As expected when using clinical specimens, there was a high degree of variability in PTTG 
mRNA expression between individual tumour specimens, as shown in Figure 3.3. Relative 
PTTG mRNA expression ranged from a 0.08-fold reduction to a 5.9-fold increase across the 
group of HNSCC tumours. Tumour specimens were obtained from four different anatomical 
sites; larynx, oral cavity, hypopharynx and oropharynx. Again, for each tumour site, the level 
of PTTG mRNA expression varied but was found to be significantly elevated in tumours 
originating in the oropharynx when compared with tumours originating in the oral cavity 
(Figure 3.4; 2.1-fold, p=0.047). No significant difference in PTTG mRNA expression was 
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Figure 3.3 PTTG mRNA expression across the panel of head and neck squamous cell 
carcinomas. PTTG mRNA expression in head and neck squamous cell carcinoma (HNSCC) 
samples (1-24) compared to matched normal tissue (N). Data presented as fold change in 








Figure 3.4 PTTG mRNA expression varies according to the anatomical site of the tumour. 
Relative PTTG mRNA expression levels in tumours of the oral cavity (n=14) and oropharynx 
(n=5). Data presented as a box-whisker plot. The centre line represents the median fold 
change in mRNA expression, the box indicates the 25th and 75th percentiles and the whiskers 
represent the minimum and maximum values. * p ≤0.05. 
 
3.3.2 PTTG protein expression in head and neck squamous cell carcinoma 
3.3.2.1 PTTG-pT60 antibody validation 
     The recent discovery that abrogation of the phosphorylatable residue, T60, results in 
altered PTTG half life, in addition to inducing genetic instability and cell invasion prompted 
us to investigate PTTG-pT60 phosphorylation, as well as assessment of total PTTG protein 
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PTTG phosphorylated at residue T60 and conducted a series of experiments to validate use of 
the antibody for Western blotting and immunohistochemistry purposes.  
     Initial experiments sought to determine antibody specificity. HeLa cells transfected with 
wild-type PTTG, a T60A mutant or vector only (VO) were harvested and the protein lysates 
analysed by Western blotting. Transfection of PTTG plasmids was clearly evident upon 
detection of total PTTG protein at the expected molecular weight, as demonstrated in Figure 
3.5A. Subsequent probing with our PTTG-pT60 antibody confirmed detection of a specific 
product at ~35 kDa, which was almost undetectable in T60A mutant-transfected cell lysates 
when compared with wild-type and VO-transfected cells. Densitometry analysis of the 
Western blots revealed that this decrease in T60-phosphorylated PTTG protein expression 
was statistically significant (Figure 3.5B). Furthermore, parallel peptide-blocking experiments 
using a neutralising peptide completely blocked antibody detection of the specific protein 
product (Figure 3.5C). Immunohistochemical staining of PTTG in head and neck whole 
tumour serial sections revealed predominantly nuclear expression for both total PTTG and 
T60-phosphorylated PTTG protein (Figure 3.6A and B). Importantly, addition of the 
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Figure 3.5 Western blot analysis of total PTTG and pT60-phosphorylated PTTG in lysates 
from HeLa cells following transfection with wild-type PTTG, T60A or vector only (VO). A – 
Representative Western blot probed with pT60 antibody. B – Scanning densitometry results 
showing PTTG-pT60 protein expression levels in wild type PTTG and T60A-transfected cells 
relative to VO (n=3). C – Representative Western blot probed with pT60 antibody pre-




Figure 3.6 Representative images of formalin-fixed paraffin-embedded whole oropharyngeal 
tumour sections stained for PTTG. Sections were stained for A – PTTG, B – PTTG-pT60 or C 
– PTTG-pT60 pre-incubated with the 2x concentration of neutralising peptide (NP). Sections 
were counterstained with Haematoxylin. All images were taken at 10x magnification. Scale 
bars 100 µm. 
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     Phospho-specific detection of PTTG-pT60 was further appraised through siRNA 
knockdown and co-immunoprecipitation experiments. PTTG siRNA knockdown led to a clear 
reduction in total and T60-phosphorylated PTTG protein expression, to levels undetectable by 
Western blotting (Figure 3.7). Furthermore, immunoprecipitation of total PTTG protein and 
subsequent probing with the PTTG-pT60 antibody demonstrated detection of the 35 kDa band 
in HeLa cells (Figure 3.8). However, the T60A mutant was barely detected by the PTTG-
pT60 phospho-specific antibody. Taken together, these series of experiments demonstrated 
phospho-specific detection of PTTG-pT60 through use of our PTTG-pT60 antibody in a 









Figure 3.7 Western blot analysis of total PTTG and pT60-phosphorylated PTTG expression. 
Total PTTG and T60-phosphorylated PTTG protein expression in lysates from HeLa cells 
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Figure 3.8 Immunoprecipitation of PTTG and subsequent probing with a phospho-specific 
T60 antibody in HeLa cells transfected with wild-type PTTG, T60A or vector only (VO). 
Analysis of total protein lysate shown below demonstrates the presence of PTTG in each 
sample. 
 
3.3.2.2 PTTG protein is expressed and phosphorylated at residue T60 in head and neck 
squamous cell carcinoma 
     With a validated PTTG-pT60 antibody, the expression of total and T60-phosphorylated 
PTTG protein was next investigated in HNSCC. To determine whether protein expression 
varied in HNSCC, tumour TMA samples (two samples of normal tonsil, kidney and liver 
tissue were incorporated as reference or control samples) were analysed for total and T60-
phosphorylatd PTTG protein expression. Due to poor tissue quality, only 51 out of the 53 
tumour TMA samples were analysed for total PTTG protein expression and 24 out of the 53 
for T60-phosphorylated PTTG protein expression. Full patient demographic, clinical and 
pathological data were available and are outlined in Table 3.2. The study population consisted 
of 39 males and 14 females and the median age at diagnosis was 54 years. The majority of 
subjects had a history of prior or current tobacco and/or alcohol consumption. Nodal disease 
was present in approximately 60 % of the study population and nearly 30 % went on to 
develop recurrent disease. Of the 53 patients with known tumour HPV-status, 13 were HPV-
positive. 
- -  + 
+ - - 









Chapter 4  PBF expression in head and neck tumour tissue 
 





























Gendera  Smoking statusb Alcohol statusc Site Sub-sited Te Nf Mg Rh HPV statusi 
1 62 F Previous Previous Oropharynx Tonsil 2 0 0 N - 
2 57 F N/A N/A Oropharynx Tonsil 2 2a 0 N + 
3 50 F Current Current Oropharynx Base of tongue 4 2a 0 N - 
4 56 M Previous N/A Oropharynx X 1 1 0 Y - 
5 57 M Current Previous Oropharynx Tonsil 3 2a 0 X - 
6 49 F Never Previous Oropharynx Tonsil 2 1 0 Y + 
7 57 M Never Previous Oropharynx Base of tongue 4 0 0 N + 
8 42 M Never Previous Oropharynx Tonsil 2 2b 0 N + 
9 48 M Current Current Oropharynx Base of tongue 4 2b 0 N - 
10 72 M Current Never Oropharynx Soft palate 2 0 0 N - 
11 51 F Previous Previous Oropharynx X 4 0 0 N - 
12 51 M Current Current Oropharynx Soft palate 4 0 0 Y - 
13 52 M Never Current Oropharynx Tonsil 4 0 0 N + 
14 54 M Never Previous Oropharynx Tonsil 2 0 0 Y + 
15 47 F Current Previous Oropharynx Tonsil 1 0 0 Y - 
16 51 M Previous Previous Oropharynx X 4 0 0 N - 
17 51 M Never Previous Oropharynx Tonsil 2 2c 0 N + 
18 70 M Previous Previous Oropharynx Base of tongue 4 2a 0 N - 
19 45 M Current Current Oropharynx Soft palate 2 2c 0 N - 
20 67 F Current Previous Oropharynx Tonsil 2 2b 0 N - 
21 46 F Never Previous Oropharynx Tonsil 2 1 0 N - 
22 56 F Current Previous Oropharynx Base of tongue 4 0 0 N - 
23 59 M Previous Previous Oropharynx Tonsil 2 0 0 N + 
24 51 M Never Previous Oropharynx Base of tongue 2 2a 0 N + 
25 48 M Never Previous Oropharynx Tonsil 1 2a 0 N - 
26 40 M Previous Never Oropharynx Base of tongue 2 2b 0 N - 
27 66 M Previous Current Oropharynx Base of tongue 2 2b 0 Y + 
28 66 M Previous Previous Oropharynx Base of tongue 3 0 0 N - 
29 45 M Never Previous Oropharynx Tonsil X 3 0 N + 
30 57 F Current Previous Oropharynx Tonsil 1 1 0 N + 
31 62 M Current Previous Oropharynx Base of tongue 4 2 X N - 
32 58 M Current N/A Oropharynx Tonsil 3 0 X N - 
33 57 F Never Previous Oropharynx Base of tongue 3 2b 0 N - 
34 46 M Previous Previous Oropharynx Tonsil 2 2a X N + 
35 41 M Previous Previous Oropharynx Tonsil 3 2 0 N - 
36 75 F Previous Previous Oropharynx Soft palate 2 0 0 Y - 
37 67 M Current Previous Oropharynx Tonsil 3 1 0 N - 
38 72 M N/A Previous Oropharynx Base of tongue 2 3 X Y - 
39 56 M Previous Previous Oropharynx Tonsil 2 3 X Y - 
40 55 M Never Previous Oropharynx Base of tongue 2 2 0 Y - 
41 50 M Never Previous Oropharynx Tonsil 3 2b 0 N - 
42 51 M Current Current Oropharynx Tonsil 3 2b X N - 
43 53 M Current Previous Oropharynx Base of tongue 3 1 X Y - 
44 45 F Current Current Oropharynx Soft palate 3 2c X N - 
45 51 M Current Current Oropharynx Soft palate 1 0 0 Y - 
46 66 M Never Current Oropharynx Base of tongue 1 3 X Y - 
47 56 M Current Previous Oropharynx Tonsil 2 0 0 N NA 
48 58 F Previous Previous Oropharynx Tonsil 1 0 0 N NA 
49 62 M Current Previous Oropharynx Soft palate 2 0 0 N - 
50 53 M Current Previous Oropharynx Piriform 2 1 X N - 
51 74 M Current Never Oropharynx Tonsil 3 2c X N - 
52 64 M Current Previous Oropharynx Tonsil X X X N - 
53 46 M Previous X Oropharynx Base of tongue X X X Y - 
a Abbreviations: F, female; M, male 
b Abbreviations: N/A, not applicable 
c Abbreviations: X, no data available, N/A, not applicable 
d Abbreviations: X, no data available 
e T stage. Abbreviations: X, no data available; 1, tumour ≤ 2 cm; 2, tumour > 2 cm; 3, tumour > 4 cm; 4a, moderately advanced local disease; 4b, 
very advanced local disease 
f N stage. Abbreviations: X, no data available; 0, No regional lymph node metastasis; 1, Metastasis in a single ipsilateral lymph node ≤ 3 cm in 
greatest dimension; 2a, Metastasis in a single ipsilateral lymph node > 3 cm but not more than 6 cm in greatest dimension; 2b, Metastasis in a 
multiple ipsilateral lymph nodes - none > 6 cm in greatest dimension; 2c, Metastasis in bilateral or contralateral lymph nodes - none > 6 cm in 
greatest dimension; 3, Metastasis in a lymph node > 6 cm in greatest dimension 
g M stage. Abbreviations: X, no data available; 0, no distant metastasis; 1, distant metastasis 
h Tumour recurrence. Abbreviations: N, no; Y, yes 
i HPV status determined by in-situ hybridisation histochemistry. Abbreviations: X, no data available; N/A, not applicable; -, negative; +, positive 
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     Low to moderate levels of PTTG and, more specifically, PTTG-pT60 protein expression 
were observed in normal head and neck tissue, whereas abundant PTTG expression was 
evident in oropharyngeal tumours of all tumour stages (Figure 3.9). However, the extent of 
staining did vary between tumour cores, particularly with regard to total PTTG protein 
expression. Interestingly, total PTTG protein appeared to be expressed both in the nucleus and 
cytoplasm, with stronger nuclear staining in the majority of cases. In contrast, expression of 











Figure 3.9 Representative images of formalin-fixed, paraffin-embedded head and neck tumour 
tissue microarray (TMA) sections of various tumour stages stained for total PTTG (top panel) 
and T60-phosphorylated PTTG (bottom panel) protein. Sections were counterstained for 
Haematoxylin. Top row of images were taken at 20x magnification – scale bars 100 µm. 
Bottom row of images were taken at 80x magnification – scale bars 10 µm. 
 
3.3.2.3 Total PTTG protein expression correlates with HPV status 
     Intensity scores and the percentage of cells staining at each intensity were determined for 
each tumour tissue section and subsequently converted to a ‘histo’ score, or H-score, as 
PTTG 
Normal Stage I Stage II Stage III Stage IV 
PTTG 
PTTG-pT60 
Normal Stage I Stage II Stage III Stage IV 
PTTG-pT60 
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outlined in section 3.2.5 above. When the H-scores for total PTTG protein expression were 
correlated with the available demographic and clinicopathological characteristics for each 
patient, it was found that HPV status positively correlated with PTTG expression (Table 3.3; 
p=0.046). The H-scores of the tumour tissues ranged from 1-300 for total PTTG protein 
expression, with a median of 50. An H-score of 50 was therefore used to divide patients into 
low PTTG expression and high PTTG expression groups. Subdivision based on low (H-score 
≤50) and high (H-score >50) PTTG expression and subsequent re-analysis of the data by 
Fisher’s exact test confirmed a significant association between high PTTG expression and 
HPV-positive status (Table 3.3; p=0.045). Approximately 38 % of HPV-positive patients had 
low levels of PTTG expression. In contrast, high levels of PTTG expression were observed in 
62 % of HPV-positive patients. None of the remaining categories, including tumour sub-site, 
TNM stage or recurrence status, were found to be associated with PTTG expression using 
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Table 3.3 Table of PTTG H-scores and their association with the clinical and pathological 
features of HNSCC patients. H-score values were assessed by Mann-Whitney U test and 
Fisher’s exact test. 
 
3.3.2.4 Expression of T60-phosphorylated PTTG correlates with tumour sub-site 
     When the H-scores for PTTG-pT60 protein expression were evaluated alongside the 
demographic and clinicopathological characteristics of each patient, expression of T60-
phosphorylated PTTG did not significantly correlate with any of the categories, including 
TNM stage, recurrence status and HPV status (Table 3.4). The H-scores of the tumour tissues 
PTTG 
Mann-Whitney U test Fisher’s exact test 
Clinical and pathological features No. of patients 
H-score 
(mean±SEM) p-value p-value 
Age (yr) <50 13 37.9±11.0 
0.21 1.00 
>50 38 61.0±9.4 
Gendera F 14 34.9±7.7 
0.23 0.20 
M 37 62.7±9.9 
Smoking status Never 14 76.8±14.8 
0.07 0.12 
Previous/Current 35 47.0±9.1 
Alcohol status Never 3 76.7±43.2 
0.49 0.55 
Previous/Current 44 52.9±7.9 
Sub-site Tonsil 25 59.3±10.2 
0.67 0.75 
Base of tongue 15 59.7±17.2 
T stage pT1-2 29 54.4±8.7 
0.99 0.37 
pT3-4 19 62.7±15.3 
N stage pN0-1 23 70.0±14.2 
0.39 0.78 
pN2-3 26 46.1±7.2 
Recurrence No 36 57.8±8.0 
0.34 0.76 
Yes 14 51.7±18.9 
HPV statusb - 36 44.2±8.7 
0.05 0.05 
+ 13 82.0±15.8 
a Abbreviations: F, female; M, male 
b Abbreviations: -, negative; +, positive 
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ranged from 1-150 for PTTG-pT60 protein expression, with a median of 50. An H-score of 50 
was therefore used to divide patients into low PTTG-pT60 expression and high PTTG-pT60 
protein expression groups. Subdivision based on low (H-score ≤50) and high (H-score >50) 
PTTG-pT60 expression and subsequent re-analysis of the data by Fisher’s exact test 
demonstrated a significant correlation between PTTG-pT60 protein expression and tumour 
sub-site (Table 3.4; p=0.044). Tumours originating in the tonsils demonstrated both low and 
high levels of PTTG-pT60 protein expression. In contrast, only low levels of PTTG-pT60 
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Table 3.4 Table of PTTG-pT60 H-scores and their association with the clinical and 
pathological features of HNSCC patients. PTTG-pT60 H-score values were assessed by 
Mann-Whitney U test and Fisher’s exact test. 
 
3.4 Discussion 
     HNSCCs are increasingly being recognised as a heterogeneous group of disease entities, 
displaying vastly different aetiological, biological and clinical characteristics. Current work is 
therefore focused on identifying novel biomarkers to stratify patients based on molecular 
criteria and to distinguish patient groups who are more likely to benefit from specific 
PTTG-pT60 
Mann-Whitney U test Fisher’s exact test 
Clinical and pathological features No. of patients 
H-score 
(mean±SEM) p-value p-value 
Age (yr) <50 5 60.5±24.5 
0.77 1.00 
>50 19 54.6±13.4 
Gendera F 5 65.0±27.2 
0.94 0.33 
M 19 53.5±13.1 
Smoking status Never 5 20.7±9.7 
0.15 0.12 
Previous/Current 18 68.8±13.9 
Alcohol status Never 
-	 -	 - 1.00 
Previous/Current 
Sub-site Tonsil 13 70.8±17.7 
0.19 0.04 
Base of tongue 6 25.0±11.2 
T stage pT1-2 12 43.3±14.8 
0.13 0.40 
pT3-4 9 83.4±21.0 
N stage pN0-1 9 82.2±20.1 
0.09 0.40 
pN2-3 13 42.3±14.5 
Recurrence No 16 61.9±16.3 
0.78 0.66 
Yes 8 43.8±12.1 
HPV statusb - 19 56.4±12.7 
0.13 0.52 
+ 3 6.7±6.7 
a Abbreviations: F, female; M, male 
b Abbreviations: -, negative; +, positive 
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treatment strategies. In the present chapter, we have demonstrated that PTTG is overexpressed 
and phosphorylated at residue T60 in human HNSCC tumours. Furthermore, we revealed 
significant correlations between PTTG expression and a small selection of patient 
clinicopathological characteristics. 
     Given that high PTTG expression levels have been observed in several malignancies (Saez 
et al. 1999, Shibata et al. 2002, Solbach et al. 2004, Stratford et al. 2005), we examined PTTG 
mRNA expression in 24 matched human HNSCC tumour and normal tissue specimens by 
quantitative real-time PCR. PTTG mRNA expression was significantly elevated in HNSCC 
tumours, thus validating previous findings. Furthermore, expression was correlated with 
tumour site, with the highest degree of PTTG expression evident in tumours originating from 
the oropharynx. Although an entirely novel finding, it is worth noting that the majority of 
publications reporting overexpression of PTTG in HNSCC have focused specifically on 
oesophageal squamous cell carcinomas. Solbach et al. are the only group so far to have 
assessed PTTG expression in HNSCC tumours enriched for OPSCC (66 out of a total of 89 
patients). However, they did not perform statistical analyses of PTTG expression based upon 
tumour site (Solbach et al. 2006).  
     Further immunohistochemical assessment of PTTG protein expression was performed 
using oropharyngeal TMA specimens. To determine whether protein expression varied, the 
staining intensity and percentage of cells staining at each intensity category were established 
for each patient and converted into a single H-score (Hsueh et al. 2013). Similar to PTTG 
mRNA expression in HNSCC tumours, PTTG protein expression was evident in a relatively 
large number of samples (46 out of a total of 51 patients). Closer histological examination 
revealed strong nuclear staining, as well as frequent cytoplasmic staining. The subcellular 
localisation of PTTG has been extensively debated. Several reports have suggested mainly 
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cytoplasmic expression, with little nuclear staining (Dominguez et al. 1998, Stratford et al. 
2005), whereas other studies have argued that PTTG is predominantly a nuclear protein (Yu et 
al. 2000b). A previous publication assessing PTTG protein expression in the oesophageal 
squamous carcinoma cell lines HAS/c, KYSE140 and KYSE410 concluded that PTTG 
staining was mainly observed in the cytoplasm, with occasional nuclear staining (Ito et al. 
2008). Furthermore, cytoplasmic but not nuclear PTTG staining was associated with patient 
clinicopathological features (Ito et al. 2008). The reported discrepancies in localisation may 
be a result of cell type and tissue specific expression of PTTG or may be dependent on the 
methods used. For example, PTTG was demonstrated to be localised mainly in the nucleus in 
cervical cancer HeLa cells, monkey kidney Cos-7 cells and prostate cancer DU154 cells, 
whilst in the same study, in lung cancer A549 cells, colorectal adenocarcinoma DLD-1 cells 
and mouse NIH3T3 fibroblasts PTTG protein was expressed diffusely throughout the nucleus 
and cytoplasm (Mu et al. 2003).  
     Additional analyses highlighted a significant correlation between PTTG protein expression 
and HPV status, as illustrated by higher PTTG protein expression scores in HPV-positive 
tumours compared to HPV-negative tumours. An association between PTTG protein 
expression and HPV status has not been reported before and the functional significance of 
such a correlation warrants further exploration. The HPV life cycle is tightly linked with the 
differentiation state of the host cell and requires the host cell to remain actively proliferating 
(Kajitani et al. 2012). It is also well established that PTTG plays a crucial role in cell cycle 
regulation and genetic instability, and its expression usually peaks in mitotically active cells 
(Ramos-Morales et al. 2000, Yu et al. 2000b, Yu et al. 2003). It is therefore perceivable that 
PTTG could serve to ‘prime’ HPV-infected basal cells, thus making them more vulnerable to 
further neoplastic changes. Indeed, PTTG has been shown to cooperate with other viruses to 
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promote cellular transformation. Human T-cell leukemia virus type 1 (HTLV-1) is a 
retrovirus that primarily infects CD4+ T lymphoctyes and has been implicated in the 
pathogenesis of adult T-cell leukemia (Sheleg et al. 2007). Sheleg et al. demonstrated 
cooperation between PTTG and the HTLV-1 oncoprotein, Tax, with co-expression inducing 
chromosomal instability, cell proliferation and transformation (Sheleg et al. 2007). Similarly, 
PTTG might cooperate with HPV oncoproteins E5, E6 or E7 to promote neoplastic 
transformation in HNSCC. 
     The precise mechanisms regulating PTTG involvement in tumourigenesis remain largely 
unknown. A recent publication demonstrated that inhibition of phosphorylation at residue 
threonine-T60 results in prolonged PTTG half-life, chromosomal instability and enhanced 
cellular invasion in vitro (Mora-Santos et al. 2013). In addition, a point mutation has recently 
been identified at this particular residue (T60N) in a breast cancer sample (Stephens et al. 
2012). We therefore generated a phospho-specific PTTG antibody to residue T60 to 
investigate PTTG T60 phosphorylation in head and neck cancer. Here we showed that 
mutation of the T60 residue results in a significant reduction in expression of T60-
phosphorylated PTTG protein in HeLa cells as detected using our optimised phospho-specific 
antibody by Western blot. This is consistent with the idea that PTTG is phosphorylated at 
residue T60, as suggested by Mora-Santos et al. (Mora-Santos et al. 2013).  
     Interestingly, the T60 residue is directly adjacent to the D-box motif (amino acids 61-68). 
In budding yeast cells, phosphorylation sites located in this region are critical for regulation of 
the yeast securin homologue, Pds1, by APC/C (Holt 2008).  CDK1-mediated phosphorylation 
of Pds1 near its D-box motif led to a marked reduction in ubiquitination by APC/C (Holt et al. 
2008). Conversely, removal of CDK1-dependent phosphates from Pds1 by CDC14 promoted 
Pds1 ubiquitination and its subsequent degradation (Holt et al. 2008). In humans the sole 
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CDK1 consensus motif is located at serine residue 165, far from the D-box motif. Loss of 
phosphorylation at this site triggers cell transformation and proliferation in vitro (Boelaert et 
al. 2004). Although no CDK1 consensus sequence can be found near residue T60, CDK1 has 
been shown to phosphorylate other mitotic proteins both at consensus and non-consensus 
sites, for example cyclin B1/CDK1-phosphorylation of Poly (A) Polymerase (Colgan et al. 
1998) and CDK1-phosphorylation of Ribosomal S6 Kinase 1 (Shah et al. 2003). 
     Alternatively, T60 phosphorylation may be regulated by Glycogen Synthase Kinase 
(GSK)-3β, another kinase known to phosphorylate PTTG (Mora-Santos et al. 2011). GSK-3β 
is a serine/threonine kinase implicated in the phosphorylation of numerous protein substrates, 
many of which regulate cell proliferation, differentiation and apoptosis (Frame, Cohen 2001, 
Xu et al. 2009). GSK-3β-mediated phosphorylation of PTTG induced its ubiquitination and 
degradation by the SKP1-CUL1-F-box protein complex (SCF), a key E3 ubiquitin ligase 
responsible for the ubiquitination of certain phosphorylated forms of PTTG (Gil-Bernabe et 
al. 2006). Phosphorylation at residue T60 may therefore represent an important modification 
regulating both APC/C- and SCF-mediated degradation of PTTG.  
     With a validated PTTG-pT60 antibody, we investigated expression of T60-phosphorylated 
PTTG protein in oropharyngeal tumour TMA specimens. We found that T60-phosphorylated 
PTTG protein appeared to be expressed in the vast majority of nuclei, which is interesting 
considering nuclear translocation of PTTG is required for all its functional activities (Chien, 
Pei 2000). Further immunohistochemical examination revealed a significant association with 
tumour sub-site. Specifically, ~60 % of tumours originating in the tonsils were associated 
with high PTTG-pT60 expression compared to low PTTG-pT60 expression in all tumours 
originating from the base of the tongue. Many studies have noted a higher prevalence of HPV 
infection in tonsillar carcinomas, with an overall detection rate of approximately 50-60 % 
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(Klussmann et al. 2001, Sethi et al. 2012). This preference of HPV for the tonsils is not fully 
understood but may be linked to their specialised structural features. These secondary 
lymphoid organs are lined with stratified squamous epithelium, which forms numerous 
tonsillar crypts, greatly increasing the surface area and thus enabling more efficient capture of 
antigens (Perry 1994). Importantly, the invaginations have a discontinuous basement 
membrane and basal cell layer to allow for passage of antigens, lymphocytes and antigen-
presenting cells (Perry 1994) but this is also thought to leave the basal cell layer more 
vulnerable to viral deposition and infection. As OPSCCs, including those arising in the 
lingual and palatine tonsils, have a higher prevalence of HPV infection, the observed increase 
in PTTG mRNA expression in oropharyngeal tumours and the potential correlation between 
T60-phosphorylated PTTG and tumours of the tonsil may in fact be a result of the described 
positive association between total PTTG protein expression and HPV-positive HNSCC. 
     PTTG serves as a prognostic marker for many cancers, including breast (Solbach et al. 
2004), thyroid (Boelaert et al. 2003a) and oesophageal cancers (Shibata et al. 2002). 
However, the prognostic significance of PTTG expression in OPSCC remains to be fully 
elucidated. Surprisingly, in our panel of HNSCC and oropharyngeal tumour specimens, PTTG 
expression did not correlate with any of the prognostic factors, including TNM stage or 
tumour recurrence. Our analyses were performed on a relatively small number of patient 
samples, as we did not have many tissue specimens at our disposal. In addition analysis of 
protein expression was conducted by immunohistochemistry, which can be criticised as a 
relatively semi-quantitative assessment. These factors may have impacted upon our statistical 
power. Furthermore, due to the loss of tissue sections during the construction of the TMA 
slides and subsequent immunohistochemical procedures, in some cases only one 
representative section was available for analysis. Given the high morphological and molecular 
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heterogeneity associated with head and neck cancers, this may also have impacted upon our 
statistical power and may pose a significant problem with regards to whether accurate 
representation of the whole tissue specimen was achieved. However, some studies have 
concluded that even a single 0.6 mm tissue section can provide results that are similar to those 
achieved when scoring 3 tissue sections per patient (Kamp et al. 2000, Rosen et al. 2004, 
Khouja et al. 2010). 
     A common assumption when analysing mRNA expression is that it is predictive of protein 
expression. However, many studies exploring mRNA-protein correlations have yielded 
relatively inconsistent results, thus suggesting that mRNA expression may not always reflect 
the level of protein expression (Greenbaum et al. 2003, Guo et al. 2008, Lahtvee et al. 2017). 
This is likely due to a number of factors, including differences in the stability of mRNAs and 
proteins and variations in the rate of transcription versus translation. Additional paired fresh-
frozen OPSCC tissue specimens for both mRNA and protein data would have allowed for a 
better powered and more detailed assessment of PTTG expression and the association 
between PTTG and clinical outcome, through quantitative real-time PCR and Western 
blotting. Further TMA specimens from the same patient group would have minimised the 
differences associated with analysing different patient cohorts. 
 
3.4.1 Concluding statements 
     The data presented in this chapter demonstrate that PTTG is frequently overexpressed in 
HNSCC tumours, particularly those originating in the oropharynx. Moreover, expression was 
found to be associated with tumour site and HPV status but did not correlate with any 
clinicopathological parameters. In addition, PTTG appears to be phosphorylated at residue 
T60 in these tumours, which may alter its well described mitotic regulatory function. 
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4.1 Introduction 
     The central functions ascribed to PTTG require its nuclear localisation and a yeast-2 
hybrid screening system initially identified PBF as a functional interacting partner of PTTG 
(Chien, Pei 2000). As PBF contains a bipartite nuclear localisation signal (NLS) sequence, it 
soon became an obligate model of subcellular shuttling for PTTG, facilitating its nuclear 
transport and subsequent tumourigenic and transforming abilities (Chien, Pei 2000). Since 
this discovery however, PBF has demonstrated transforming abilities independent of its 
interaction with PTTG (Stratford et al. 2005) and PBF overexpression has been identified in 
several tumour types, including breast (Watkins et al. 2010, Xiang et al. 2012), thyroid 
(Hsueh et al. 2013) and colon (Read et al. 2016b). Importantly, high levels of PBF expression 
and promoter activity have been associated with poorer clinical outcome. In papillary thyroid 
cancer, PBF expression was independently correlated with distant metastases at diagnosis, 
locoregional recurrence and reduced disease-specific survival (Hsueh et al. 2013). 
Furthermore, in colorectal and breast cancers, PBF overexpression has been linked with 
tumour invasion and metastasis, with high PBF-expressing tumours demonstrating greater 
vascular invasion (Watkins et al. 2010, Xiang et al. 2012, Read et al. 2016b). Not 
surprisingly, PBF has since been identified as a central driver gene in human cancer, as 
ascertained by DOTS-finder bioinformatic analysis performed across 34 different tumour 
types (Melloni et al. 2014). 
     The molecular events governing PBF function are yet to be fully delineated. However, 
phosphorylation of PBF at residue Y174 has been demonstrated to be of biological and 
clinical relevance. Extensive evidence has shown that PBF is capable of post-translationally 
modulating sodium iodide symporter (NIS) localisation at the plasma membrane in breast, 
colorectal and thyroid cancer cell lines, and as such, impairing radioiodide uptake (Smith et 
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al. 2013, Read et al. 2011, Boelaert et al. 2007, Smith et al. 2009). PBF phosphorylation by 
the proto-oncogene tyrosine kinase, Src, at residue Y174 is essential for regulation of PBF 
endocytosis and abrogation of this residue results in significant retention of NIS at the plasma 
membrane, ultimately restoring iodide uptake in primary human thyroid cells (Smith et al. 
2013). More recently, PBF-Y174 phosphorylation has been implicated in the regulation of 
cell migration and invasion (Watkins et al. 2016). In a panel of breast, thyroid and colon 
cancer cell lines, PBF was able to induce potent cell migration and invasion when assessed 
using an array of different assays, including classical wound healing assays, 2D Boyden 
chamber assays and 3D organotypic assays (Watkins et al. 2016). This highly invasive 
signature was contingent upon a direct interaction between PBF and the F-actin binding 
protein, cortactin (Watkins et al. 2016). Importantly, phosphorylation of PBF at residue Y174 
was found to be critical to the functional interaction between these two proteins and 
abrogation of Y174 led to diminished wound healing capacities and completely abolished 
cellular invasion in all cell lines tested (Watkins et al. 2016). Similarly, PBF phosphorylation 
may have a significant impact on other cellular processes involving PBF function and may 
represent a novel therapeutic target. However, whilst total PBF expression is prognostic in 
thyroid and breast cancers (Xiang et al. 2012, Hsueh et al. 2013), it is not known whether PBF 
phosphorylation status may have potential use as a prognostic marker. 
     PBF expression and function has not previously been examined in head and neck 
squamous cell carcinoma (HNSCC), although a recent unpublished GEO profile cDNA array 
analysis of matched tumour and normal HNSCC samples demonstrated PBF overexpression 
in 15 of 22 tumours compared to normal tissue (1.25-fold induction, p=0.02). Furthermore, 
recent investigations by our group, outlined above, have established phosphorylation of PBF 
at residue Y174 to be important for its biological function. We therefore wished to examine 
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total and Y174-phosphorylated PBF expression and localisation in HNSCC. To this end, total 
RNA was extracted from fresh-frozen tissue sections and PBF mRNA expression assessed by 
real-time quantitative PCR. In addition, total and Y174-phosphorylated PBF protein 




4.2.1 Human tissue specimens 
4.2.1.1 Fresh-frozen tissue 
     Details of the matched tumour and normal tissue specimens are outlined in the previous 
chapter (section 3.2.2.1). 
4.2.1.2 Tissue microarrays 
     Details regarding the formalin-fixed, paraffin-embedded tissue sections are also described 
in the previous chapter (section 3.2.2.2). 
4.2.1.3 Ethics 
     Details regarding ethical approval are described in the previous chapter (section 3.2.2.3). 
 
4.2.2 RNA extraction, reverse transcription and quantitative real-time PCR 
     Total RNA was extracted from fresh-frozen tissue specimens and reverse transcribed as 
described in 3.2.3. Quantitative real-time PCR was performed as previously described in 
section 2.5. Taqman gene-specific expression assays for PPIA (Hs04194521_s1) were 
purchased from Applied Biosystems. Custom designed primers and probes, which have been 
previously validated (Stratford et al. 2005), were used for assessment of PBF expression. 
Their sequences are given in Table 4.1. 
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Primer Sequence 
Forward 5’- GCAGAGATGAAGACAAGACATGA -3’ 
Reverse 5’- GCGTGCACCTCACAGGAAG -3’ 
Probe 5’- FAM-TCCAGCACATCAGTCCCGACG-TAMRA -3’ 
 




     Paraffin-embedded, formalin-fixed tissue sections were immunostained using the 
Novocastra™ Novolink™ Max Polymer Detection System [Leica Biosystems], as outlined in 
section 2.10. Antibodies used were anti-PBF 1:175 [Santa Cruz Biotechnology, Dallas, Texas, 
USA] and anti-Y174-phosphorylated PBF 1:50 (Smith et al. 2013). Evaluation of the stained 
slides was performed independently and in a blinded manner by Dr Rasoul Amel-Kashipaz 
(Clinical Laboratory Services, Cellular Pathology, University Hospitals Birmingham NHS 
Foundation Trust, Queen Elizabeth Hospital Birmingham, Birmingham, UK) and I. Each 
individual section was analysed by light microscopy and visually scored according to staining 
intensity (Figure 4.1; 0= negative, +1= weak intensity, +2= moderate intensity and +3= strong 
intensity) and percentage of staining observed in each of the three intensity categories. 
Sections which were damaged or contained < 25 % tumourous tissue were excluded from 
further analyses. As the total number of patient samples was relatively low, cases where only 
one representative section was available were still included. For each tumour tissue section, 
an H-score was then calculated as described in 3.2.5. 
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Figure 4.1 Representative immunohistochemical staining of total PBF (top panel) and Y174-
phosphorylated PBF (bottom panel) protein expression in head and neck tumour tissue 
microarray (TMA) sections. Columns 1-4 are representative of the different staining intensity 
scores (0= negative, +1= weak intensity, +2= moderate intensity, +3= strong intensity). Top 
row of images were taken at 4x magnification. Bottom row of images were taken at 20x 
magnification. Scale bars 100 µm. 
 
4.2.4 Statistical analysis 
     Statistical analyses were performed using GraphPad Prism version 5.0. The non-
parametric Wilcoxon matched pairs signed-rank test was used to assess PBF mRNA 
expression in the matched head and neck tissue specimens.  The non-parametric Mann-
Whitney U test was used to assess correlations between clinical follow-up data and PBF 
mRNA expression. Correlations between PBF/PBF-Y174 H-scores and clinical follow-up 
data were assessed by Mann-Whitney U test and Fisher’s exact test. Statistical analyses could 
3+ 0 1+ 2+ 
PBF 
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not be performed for PBF or PBF-Y174 H-scores and alcohol status by Mann-Whitney U test 
as the majority of patients had a history of alcohol consumption, thus making the numbers in 
one category too small to analyse. Statistical analyses could not be performed for PBF-Y174 
and HPV status by Mann-Whitney U test for the same reasons. The significance of the 
association between gene expression datasets was assessed by use of the Spearman’s rank-
based correlation coefficient. Statistical significance was taken as p < 0.05.  
 
4.3 Results 
4.3.1 PBF mRNA expression in head and neck squamous cell carcinoma 
4.3.1.1 PBF mRNA is overexpressed in squamous cell carcinomas of the head and neck 
     PBF mRNA expression levels were initially assessed in matched tumour and normal head 
and neck tissue specimens by quantitative real-time PCR. The same set of 24 paired samples 
used to assess PTTG mRNA expression in the previous chapter were used for the assessment 
of PBF mRNA expression. Full demographic and clinical data were available for all patients 
and are summarised in chapter 3, section 3.3.1. As shown in Figure 4.2, PBF mRNA 
expression levels were significantly higher in the tumour tissues when compared to 
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Figure 4.2 PBF mRNA expression is upregulated in head and neck squamous cell carcinoma. 
Quantification of PBF mRNA expression in head and neck squamous cell carcinoma 
(HNSCC) tumours (C) relative to matched normal (N) head and neck tissue specimens 
(n=24). Data presented as a box-whisker plot. The centre line represents the median fold 
change in mRNA expression, the box indicates the 25th and 75th percentiles and the whiskers 
represent the minimum and maximum values. ** p ≤0.01. 
 
     As demonstrated with PTTG mRNA expression (section 3.3.1), PBF mRNA expression 
varied considerably between the tumour specimens (Figure 4.3). Relative levels of PBF 
mRNA expression ranged from a 0.3-fold decrease to a 5-fold increase across the panel of 
tumours. Specimens were obtained from four anatomical sites; larynx, oral cavity, 
hypopharynx and oropharynx. Some variability in PBF mRNA expression was observed 
between these different tumour sites, although these differences were not found to be 
statistically significant. Further statistical analysis revealed no significant differences in PBF 
mRNA expression when compared with any of the remaining demographic or 
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Figure 4.3 PBF mRNA expression across the panel of head and neck squamous cell 
carcinomas. PBF mRNA expression in head and neck squamous cell carcinoma (HNSCC) 
samples (1-24) compared to matched normal tissue (N). Data presented fold change in mRNA 
expression.  
 
4.3.1.2 PBF mRNA expression correlates with PTTG mRNA expression in head and neck 
squamous cell carcinoma 
     Interestingly, comparison of the mRNA expression of both PBF and PTTG in the same set 
of paired tumour specimens revealed a positive and significant correlation (Figure 4.4; n=24, 
p=0.0007). This also became apparent when comparing Figure 3.3 and Figure 4.3, where 
many of the tumour specimens demonstrated a similar fold change in mRNA expression for 
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Figure 4.4 PBF mRNA expression correlates with PTTG mRNA expression in head and neck 
squamous cell carcinoma. Scatterplot showing a significant correlation between PBF and 
PTTG mRNA expression in squamous cell carcinomas of the head and neck (HNSCC) (n=24). 
Data presented as ΔCt values. * p =0.0007, Rs=0.641. 
 
4.3.2 PBF protein expression in head and neck squamous cell carcinoma 
4.3.2.1 PBF antibody optimisation 
     Immunohistochemical detection of PBF protein was optimised using a panel of PBF-
specific antibodies, including an in-house rabbit anti-human PBF-8 polyclonal antibody 
[Eurogentec] (Read et al. 2011), another recently purified in-house rabbit anti-human PBF-4 
polyclonal antibody (manufactured for the McCabe group by Eurogentec), two commercially 
available rabbit anti-human PBF polyclonal antibodies [S-15 and C-19, Santa Cruz 
Biotechnology, Dallas, Texas, USA] and a rabbit anti-human PBF monoclonal antibody [LS-
B6285, LifeSpan BioSciences, Seattle, WA, USA], specifically designed for use in 
immunohistochemistry applications. As a negative control, primary antibodies were replaced 
by 10% normal serum [Vector Laboratories]. Representative images of formalin-fixed, 
paraffin-embedded oropharyngeal whole tissue sections stained with each of the antibodies 
are shown in Figure 4.5. 
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Figure 4.5 Representative images of formalin-fixed paraffin-embedded whole head and neck 
tumour tissue sections stained for PBF using a panel of PBF-specific antibodies. Control – 
secondary antibody only; PBF-LS-B6285 – LifeSpan Biosciences rabbit polyclonal IgG 
1:250; PBF-S15 – Santa Cruz Biotechnology rabbit polyclonal IgG 1:250; PBF-8 – in-house 
rabbit polyclonal IgG 1:500; PBF-4 – in-house rabbit polyclonal IgG 1:250; PBF-C19 - 
Santa Cruz Biotechnology rabbit polyclonal IgG 1:175. Sections were counterstained with 
Haematoxylin. All images were taken at 10x magnification. Scale bars 200 µm. 
 
     Abundant total PBF protein expression was evident in the oropharyngeal tissue whole 
sections and appeared to be nuclear and cytoplasmic, similar to that shown previously in the 
thyroid (Stratford et al. 2005) and breast (Watkins et al. 2010). Both PBF-4 and PBF-S15 
antibodies demonstrated very weak PBF staining at high concentrations (1:250) and were 
therefore disregarded. On the other hand, antibodies PBF-8, PBF-C19 and PBF-LS-B6285 all 
demonstrated moderate to strong staining for PBF. As antibody PBF-C19 demonstrated clear 
and strong staining, with little background signal, this antibody was chosen for subsequent 
immunohistochemical analysis of total PBF protein expression in head and neck tumour tissue 
microarrays (TMA).  
PBF-LS-B6285 PBF-S15 
PBF-8 PBF-C19 PBF-4 
Control l PB - S-  5 
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4.3.2.2 PBF protein is expressed and phosphorylated at residue Y174 in head and neck 
squamous cell carcinoma 
     With an optimised PBF antibody, total and Y174-phosphorylated PBF protein expression 
was investigated in the same series of formalin-fixed, paraffin-embedded HNSCC tumour 
TMA sections described in section 3.2.2.2. Due to poor tissue quality, only 24 out of the 53 
tumour TMA samples were analysed for total PBF protein expression and 23 for analysis of 
Y174-phosphorylated PBF protein expression.  
     Detailed examination of the TMA sections revealed moderate expression of total PBF 
protein and low to moderate expression of PBF-pY174 protein in normal head and neck tissue 
(Figure 4.6). Expression of total PBF and PBF-pY174 in the tumour cores however was 
generally higher and was present in oropharyngeal tumours of all tumour grades (Figure 4.6). 
As mentioned previously, total PBF expression was distributed throughout the cytoplasm and 
occasionally in the nucleus but appeared to be more concentrated in the cytoplasm. PBF-
pY174 protein expression was also found in the nucleus and cytoplasm but with no clear 
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Figure 4.6 Representative images of formalin-fixed, paraffin-embedded head and neck tumour 
tissue microarray (TMA) sections of various tumour stages stained for total PBF (top panel) 
and Y174-phosphorylated PBF (bottom panel) protein. Sections were counterstained for 
Haematoxylin. Top row of images were taken at 20x magnification – scale bars 100 µm. 
Bottom row of images were taken at 80x magnification – scale bars 10 µm. 
 
4.3.2.3 Total PBF protein expression correlates with gender and tumour sub-site 
     The intensity scores and percentage of cells staining at each intensity score were 
determined and then converted into an H-score as outlined in section 4.2.3 above. When the 
H-scores for total PBF protein expression were categorically analysed alongside the available 
demographic and clinical follow-up data for each individual patient, PBF protein expression 
was shown to correlate with tumour sub-site (Table 4.2). Tumours originating in the tonsils 
expressed significantly lower levels of PBF protein when compared with tumours originating 
from the base of the tongue (82.8±15.4 vs. 139.3±19.2, p=0.016). The H-scores of the tumour 
tissues ranged from 1-300 for total PBF protein expression, with a median of 100. An H-score 
of 100 was therefore used to divide patients into low PBF expression and high PBF 
PBF 
Normal Stage I Stage II Stage III Stage IV 
PBF 
PBF-Y174 
Normal Stage I Stage II Stage III Stage IV 
PBF-pY174 
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expression groups. Subdivision of the H-scores into low PBF expression (H-score ≤100) and 
high PBF expression (H-score >100) and subsequent re-analysis of the data by Fisher’s exact 
test confirmed an association between PBF protein expression and tumour sub-site and 
revealed an additional correlation between high PBF protein expression and gender (Table 
4.2; p=0.047). High levels of PBF expression were evident in only 26 % of the male study 
population compared to 80 % in the female study population. None of the remaining 
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Table 4.2 Table of PBF H-scores and their association with the clinical and pathological 
features of HNSCC patients. H-score values were assessed by Mann-Whitney U test and 
Fisher’s exact test. 
 
4.3.2.4 Expression of Y174-phosphorylated PBF does not correlate with demographic or 
clinicopathological characteristics 
     For PBF-pY174, H-scores for both nuclear and cytoplasmic protein expression were 
determined and correlated with the demographic and clinical follow-up data. When analysed 
by the Mann-Whitney U test, PBF-pY174 expression did not correlate with any of the 
categories (Table 4.3). The H-scores of the tumour tissues ranged from 1-250 for cytoplasmic 
and nuclear PBF-pY174 protein expression, with a median of 50. An H-score of 50 was 
PBF 
Mann-Whitney U test Fisher’s exact test 
Clinical and pathological features No. of patients 
H-score 
(mean±SEM) p-value p-value 
Age (yr) <50 5 84.4±24.9 
0.61 1.00 
>50 19 110.8±11.8 
Gendera F 5 143.0±28.3 
0.09 0.05 
M 19 95.4±10.5 
Smoking status Never 5 126.8±39.0 
0.24 0.15 
Previous/Current 18 99.4±9.9 
Alcohol status Never 
-	 - - 0.53 
Previous/Current 
Sub-site Tonsil 12 82.8±15.4 
0.02 0.04 
Base of tongue 7 139.3±19.2 
T stage pT1-2 12 114.8±13.4 
1.00 0.67 
pT3-4 9 116.0±14.4 
N stage pN0-1 8 111.0±13.2 
0.75 0.40 
pN2-3 14 109.6±15.1 
Recurrence No 16 99.2±14.4 
0.16 0.41 
Yes 8 117.5±14.3 
HPV statusb - 19 109.3±10.8 
0.08 0.27 
+ 3 50.0±28.8 
a Abbreviations: F, female; M, male 
b Abbreviations: -, negative; +, positive 
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therefore used to divide patients into low PBF-pY174 expression and high PBF-pY174 
expression groups. When analysed based on low PBF-pY174 protein expression (H-score 
≤50) vs. high PBF-pY174 protein expression (H-score >50), no significant differences in 













Table 4.3 Table of PBF-pY174 H-scores and their association with the clinical and 
pathological features of HNSCC patients. PBF-pY174 H-score values were assessed by 






Mann-Whitney U test Fisher’s exact test Mann-Whitney U test 
Fisher’s exact 
test 
Clinical and pathological features No. of patients 
H-score 
(mean±SEM) p-value p-value 
H-score 
(mean±SEM) p-value p-value 




>50 18 53.4±17.6 30.7±10.5 




M 19 66.6±19.4 27.8±9.7 
Smoking 
status 
Never 5 17.0±17.0 
0.20 1.00 
39.8±25.9 




- - - 1.00 - - 1.00 Previous/Current 




Base of tongue 6 85.0±41.6 10.8±8.0 




pT3-4 9 75.5±32.9 49.7±21.4 




pN2-3 13 55.1±23.6 45.5±15.8 




Yes 8 73.8±32.2 42.3±15.9 
HPV statusb - 19 109.3±10.8 
0.08 0.50 - - 0.53 
+ 3 50.0±28.8 
a Abbreviations: F, female; M, male 
b Abbreviations: -, negative; +, positive 
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4.4 Discussion 
     Given that PTTG expression levels were elevated in our series of HNSCC tumour 
specimens, as described in Chapter 3, we next sought to determine expression of its 
interacting partner, PBF, in the same patient cohort. In this current chapter, we have 
demonstrated that like PTTG, PBF is also abundantly and frequently expressed in HNSCC. In 
addition we identified significant correlations between total PBF protein expression and 
various patient demographic and clinicopathological parameters. Although PBF was 
phosphorylated at residue Y174 in these tumours, it was not associated with patient 
demographics or clinical outcome in our patient cohort. 
     PBF is both a transforming and tumourigenic gene and its overexpression has been 
demonstrated in a number of cancers, such as pituitary (McCabe et al. 2003), thyroid 
(Stratford et al. 2005) and breast (Watkins et al. 2010). However expression has not been 
systematically examined in HNSCC. A recent unpublished GEO profile cDNA array analysis 
hinted at a potential upregulation of PBF in HNSCC tumours and prompted us to further 
investigate PBF mRNA expression in our series of 24 paired human HNSCC tumour and 
normal tissue specimens by quantitative real-time PCR. Upon comparison of normal and 
tumourous HNSCC tissue specimens, PBF mRNA expression was found to be significantly 
upregulated in the tumours. Furthermore, we reported a parallel increase in PBF and PTTG 
mRNA expression in these tumour samples.  
     Co-ordinated expression has been demonstrated before in pituitary and thyroid tumours 
(McCabe et al. 2003, Stratford et al. 2005). As many of the oncogenic actions of PTTG are 
dependent on PBF-mediated shuttling of PTTG into the nucleus and PTTG is capable of 
upregulating PBF mRNA expression in the thyroid (Stratford et al. 2005), the observed 
increase in PBF mRNA expression in our cohort of HNSCC tumours may be, in part, a 
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secondary effect of elevated PTTG mRNA expression. Alternatively, correlated PTTG and 
PBF mRNA expression may be a result of a common mechanism by which expression of both 
genes are regulated. Indeed, oestrogen induction of PTTG and PBF has been described before 
(Heaney et al. 1999, Watkins et al. 2010, Xiang et al. 2012). 
     Additional immunohistochemical analysis of PBF protein expression was conducted using 
a panel of OPSCC TMA specimens. Abundant PBF protein expression was observed in ~92 
% (22 out of a total of 24 patients) of OPSCC tissue specimens. Closer inspection revealed 
mainly cytoplasmic staining with occasional nuclear staining in some of the tumour cores. 
This observation of both cytoplasmic and nuclear PBF expression is similar to previous 
observations in normal thyroid tissues and well-differentiated thyroid tumours (Stratford et al. 
2005, Hsueh et al. 2013). High PBF expression was also detected in tissue microarrays of 
breast tumours, where expression was mostly confined to the cytoplasm, with some nuclear 
staining visible (Watkins et al. 2010). Furthermore, overexpression studies in COS-7 (Chien, 
Pei 2000) and HCT116 (Stratford et al. 2005) cells using heamagglutinin- or EGFP-tagged 
PBF have again demonstrated significant cytoplasmic and nuclear staining. However PBF 
expression has also been detected within intracellular vesicles and at the plasma membrane 
(Smith et al. 2009). Such inconsistencies are possibly due to methodological differences. 
Stratford et al., Hsueh et al. and Watkins et al. had all analysed PBF subcellular localisation 
by immunohistochemical staining of normal and tumorous human thyroid and breast tissue 
sections, respectively. On the other hand, Chien & Pei and Smith et al. had used 
immunofluorescence techniques to detect and analyse PBF protein expression in a number of 
cell lines. Importantly, these assays were performed in various cell types derived from 
different species and are likely to have differing levels of sensitivity. 
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     As full patient demographic and clinical follow-up details were available for the TMA 
samples, further statistical analyses were performed against PBF protein expression. PBF 
protein expression correlated with tumour sub-site, demonstrating increased expression in 
tumours originating at the base of the tongue. Interestingly, total PBF protein was also 
significantly associated with gender, with higher PBF protein expression scores noted in 
females when compared with male individuals. This gender bias is pertinent given the 
reported association between PBF and oestrogen receptor-α (ER-α) in differentiated thyroid 
cancer and the knowledge that PBF expression is regulated in an oestrogen-dependent manner 
in breast tumours (Watkins et al. 2010, Xiang et al. 2012) and suggests that oestrogen 
signalling may be partly responsible for the enhanced PBF expression observed in HNSCC 
patients. Preliminary studies have demonstrated ER-α expression in squamous cell 
carcinomas of the oral cavity, larynx and hypopharynx (Lukits et al. 2007) and high nuclear 
ER-α expression has been further linked with poor disease-free survival in HNSCC patients 
(Egloff et al. 2009). Perturbed ER expression and oestrogen metabolism have also 
subsequently been demonstrated in numerous cell lines derived from premalignant and 
malignant HNSCC lesions (Colella et al. 2011, Shatalova et al. 2011). However, the exact 
role of ER-signalling in HNSCC remains to be distinguished. Initial reports have proposed a 
role for ER-signalling in oral cancer cell survival and invasion (Ishida et al. 2007). 
     It has recently come to light that phosphorylation of PBF at residue Y174 by the tyrosine 
kinase Src is important in regulating PBF binding and cycling of NIS from intracellular 
vesicles to the membrane (Smith et al. 2013). As PBF is involved in a diverse array of cellular 
processes, phosphorylation may have important implications with regard to its other 
biological functions. We therefore assessed expression of Y174-phosphorylated PBF protein 
in the same set of oropharyngeal tumour TMA specimens. Expression of PBF-pY174 was 
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evident in both the nucleus and cytoplasm. Rare occasions of membranous staining were also 
noted. However, further examination of the expression scores did not reveal any striking 
associations with patient demographic and clinical follow-up data, suggesting that although 
PBF phosphorylation may of biological importance it may not represent a suitable prognostic 
or predictive marker in HNSCC. Given that the staining for PBF-pY174 appeared to be very 
intense and the fact that the human eye cannot discriminate between subtle differences in 
staining colour or intensity very well, it is possible that the current study lacked the sensitivity 
to be able to distinguish potential differences between PBF-pY174 expression and 
clinicopathological features. Computer-aided scoring and analysis of these TMAs may have 
overcome some of these limitations, enabling rapid and reliable scoring. 
     A lack of correlation between total PBF protein expression and standard 
clinicopathological parameters was surprising considering PBF has been recognised as an 
independent prognostic factor in papillary thyroid carcinoma (Hsueh et al. 2013) and 
colorectal cancer (Read et al. 2016b). As our patient cohort contained mainly OPSCC 
patients, it could be that PBF expression represents a significant predictor of recurrence in 
HNSCCs collectively but not specifically in oropharyngeal cancer patients. Alternatively, as 
overexpression of PBF is clearly evident in the majority of OPSCCs it is likely to be required 
for tumour initiation and progression but may cease to be important once the tumour has 
become invasive. Our current study was limited by the relatively small size of our patient 
cohort, with only 24 paired HNSCC tumour and normal tissue specimens for PCR analysis 
and 23-24 TMA individual patient cores for histological examination of total and Y174-
phohsphorylated PBF protein expression. Whether or not PBF may serve as a potential 
biomarker will undoubtedly require further evaluation on a much larger scale. As 
recommended for future analysis of PTTG expression in section 3.4, fresh-frozen tissue 
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specimens and TMAs from the same patient cohort would be ideal as this will help to 
minimise any potential variation that is often associated with analysing mRNA and protein 
expression in separate groups of patients.  
 
4.4.1 Concluding statements 
     In the present chapter we have provided evidence that PBF expression is significantly 
upregulated in HNSCC tumours. Furthermore, PBF displayed a significant gender bias, with 
higher expression levels observed in female patients. In addition, PBF is phosphorylated at 
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5.1 Introduction 
     The proto-oncogenes PTTG and PBF are frequently overexpressed in a wide variety of 
tumours, including those occurring in the thyroid (McCabe, Gittoes 1999, Stratford et al. 
2005), colon (Heaney et al. 2000, Read et al. 2016b) and breast (Solbach et al. 2004, Watkins 
et al. 2010), and have been independently associated with tumour metastasis and recurrence 
(Stratford et al. 2005, Watkins et al. 2010, Read et al. 2014). Recent studies have also 
elucidated a role for PTTG in head and neck cancer, with overexpression again being linked 
to poorer prognosis (Solbach et al. 2006, Ito et al. 2008). In previous chapters we confirmed 
that PTTG expression is elevated in head and neck cancer, particularly those occurring in the 
oropharynx. In addition, we identified its binding partner, PBF, to be upregulated and 
significantly correlated with PTTG expression in these tumours. However, despite an 
abundance of evidence implicating PTTG, and now PBF, in head and neck cancers, the 
precise roles of these two proto-oncogenes in head and neck tumourigenesis have not been 
fully explored. 
     The RNA interference (RNAi) pathway is an evolutionarily conserved process that is 
initiated by eukaryotic cells in response to endogenous double-stranded RNA molecules 
(dsRNA) or exogenous pathogenic nucleic acids. Activation of the pathways results in the 
sequence-specific silencing of eukaryotic gene expression via degradation of specific 
messenger RNA transcripts (mRNA).  Other endogenous non-coding RNA molecules are also 
capable of triggering the RNAi pathway, including microRNA (miRNA). Short hairpin RNAs 
(shRNA) are synthetic molecules designed to interact with components of the RNAi pathway 
to induce potent and specific inhibition of target gene expression. Recently developed 
retrovirus-/lentivirus-based vectors have become increasingly powerful tools for the delivery 
of these target-specific shRNAs into cells to facilitate permanent target gene knockdown 
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(Brummelkamp et al. 2002, McManus et al. 2002). The process by which lentiviral vectors 
















Figure 5.1 Lentiviral delivery of shRNAs capable of triggering the RNAi pathway in 
mammalian cells. Binding of the lentiviral particle envelope protein (VSV-G) with receptors 
in the host cell membrane results in release of the viral core and delivery of the viral genome 
into the cytoplasm. Here, the viral RNA is reverse transcribed to generate DNA. The DNA is 
then transported into the nucleus where it becomes stably integrated in to the host cell 
genome. The viral DNA (encoding the silencing construct) is then constitutively expressed by 
the host cell and processed into shRNAs, which then enter the RNAi pathway to affect target 
gene expression. 
 
     Upon binding to the host cell surface, the viral core is released into the cytoplasm. Here, 
the viral genome, encoding the shRNA target sequence, is reverse transcribed to generate 
Dicer 
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DNA using the host replication machinery. The viral DNA is subsequently transported in to 
the nucleus where it becomes stably incorporated in the host cell genome, resulting in 
constitutive expression of the shRNA. The expressed shRNA is processed by the RNA-
specific endonuclease, DICER, to generate 21-23 nucleotide short interfering RNA duplexes 
(siRNA) (Bernstein et al. 2001). These siRNA duplexes are then separated into single strands 
of RNA (ssRNA) and used, as a template, by the RNA-induced silencing complex (RISC) to 
recognize and cleave the target mRNA transcript, thereby preventing further translation of the 
target mRNA (Hammond et al. 2000). 
     To further assess PTTG and PBF function in the setting of HPV-negative and HPV-
positive head and neck cancer we constructed a lentivirus encoding gene-specific shRNAs to 
silence expression of PTTG and PBF. The purpose of this chapter was therefore to establish 




5.2.1 Cell lines 
     92-VU-040T and 93-VU-147T cells were maintained as described in section 2.1. 
 
5.2.2 BLOCK-iT™ Lentiviral RNAi Expression System 
     The Invitrogen™ BLOCK-iT lentiviral RNAi expression system was used to facilitate 
lentiviral-based delivery of shRNA into the HNSCC cell lines. The main steps involved in 
generating the lentiviral particles are outlined in the flow chart below (Figure 5.2). All 
reagents described were purchased from Invitrogen™ unless stated otherwise. 
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Figure 5.2 Flow charts demonstrating the process by which stable shRNA-expressing cell 
lines were generated using the BLOCK-iT™ lentiviral RNAi expression system. A – 
Complementary single-stranded oligonucleotides encoding the shRNA target sequence were 
synthesised and annealed to generate a double-stranded oligonucleotide. This was then 
cloned in to the pENTR™/U6 vector to create an U6 entry clone. B – To generate the 
lentiviral expression construct, an LR recombination reaction was performed using the U6 
entry clone and the pLenti6/BLOCK-iT™ -DEST vector. The HEK 293FT producer cell line 
was then co-transfected with the pLenti6/BLOCK-iT™ -DEST expression construct and viral 
packaging mix. The viral supernatant was subsequently harvested and added to the cell 
line(s) of interest. Cells were assayed for knockdown of the target gene and selected for stable 
transduction using Blasticidin. 
 
A B 
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5.2.2.1 Cell lines 
     293FT cells were used for lentiviral particle production. The 293FT line is a variant of the 
well-established HEK 293 line, which is established from human primary embryonal kidney 
cells transformed with sheared human adenovirus type 5 DNA (Graham et al. 1977). The 
293FT line is a fast-growing variant and stably expresses the SV40 large T antigen from the 
pCMVSPORT6Tag.neo.plasmid. Cells were routinely cultured as a monolayer in vented 75 
cm2 flasks in filter-sterilised high-glucose DMEM supplemented with 10 % heat-inactivated 
FBS, 105 U/I penicillin, 100 mg/L streptomycin, 6 mM L-Glutamine, 0.1 mM non-essential 
amino acids, 1 mM MEM sodium pyruvate and 500 µg/ml Geneticin®. Cells were passaged 
twice weekly and incubated in a humidified atmosphere at 37 °C and 5 % CO2. The medium 
was replaced with fresh complete medium containing Geneticin® every three days. 
5.2.2.2 Vectors 
     Down-regulation of PTTG and PBF gene expression was achieved by transduction with 
Gateway®-adapted lentiviral expression vectors. Double-stranded oligonucleotides encoding 
the shRNA target sequence were initially cloned in to the pENTR™/U6 entry vector. This 
vector contains an RNA Pol III-dependent expression cassette (U6 RNAi cassette) for 
transient RNAi analysis (Figure 5.3A). The U6 RNAi cassette was then transferred from the 
entry vector into the pLenti6/BLOCK-iT™-DEST lentiviral vector by LR recombination for 
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Figure 5.3 BLOCK-iT™ RNAi Vector Maps. A – The pENTR™/U6 entry vector map. 
Highlighted (red box) is the U6 RNAi cassette, which contains all the elements required for 
expression of the shRNA from the pLenti6/BLOCK-iT™ -DEST expression. B – The 
pLenti6/BLOCK-iT™-DEST vector map. The U6 RNAi cassette from the pENTR™/U6 entry 
clone replaces the region between bases 1,875 and 4,111. 
 
5.2.2.3 Design of shRNA sequences 
     Two single-stranded complementary DNA oligonucleotides, encoding shRNA target 
sequences predicted to result in silencing of PTTG and PBF gene expression, were designed 
with the help of the Invitrogen™ BLOCK-iT RNAi design algorithm 
(rnadesigner.lifetechnologies.com). In addition, two complementary single-stranded DNA 
oligonucleotides encoding a scrambled sequence, with no known homology to human 
sequences, were also designed for use as a negative control (Scr shRNA). The structural 
features of each single-stranded DNA oligonucleotide and the predicted shRNA structure are 
presented in Figure 5.4.  
     Each single-stranded DNA oligonucleotide contained a four base-pair overhang sequence 
to enable directional cloning into the entry vector. This was followed by a short 21-nucleotide 
sequence derived from the target gene, the loop sequence, 5’-CGAA-3’, and the reverse 
complement of the target sequence. Single-stranded oligonucleotides were synthesised at 
A B 
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standard scale [Sigma-Aldrich]. Two sets of single-stranded oligonucleotides were generated 
to target PTTG and four sets to target PBF, all containing different shRNA target sequences 








Figure 5.4 Schematic representation of the required features of the double-stranded 
oligonucleotide encoding the target shRNA and it’s predicted structure. A – Example of a 
double-stranded DNA oligonucleotide design. B – Predicted structure of the shRNA. Upon 
transcription, the sense target sequence (green) base pairs with the reverse complement 
sequence (blue) to form an intermolecular stem-loop structure. 
 
5.2.2.4 Annealing and ligation reactions 
     Annealing reactions were performed using each single-stranded DNA oligonucleotide 
diluted in 10X oligo annealing buffer at a concentration of 50 µM. Samples were incubated at 
95 °C for 4 minutes and allowed to cool to room temperature for 10 minutes. Following a 
brief centrifugation step, 1 µl of the annealed mixture was removed and diluted 10,000-fold in 
NF-dH2O. Ligation of the annealed double-stranded DNA oligonucleotide into the entry 
vector was performed using T4 DNA ligase and a 10:1 molar ratio of the double-stranded 
DNA oligonucleotide and pENTR/U6 vector. The samples were incubated at room 
temperature for 2 hours, briefly centrifuged and then placed on ice.  
5.2.2.5 Bacterial transformation 
     Bacterial transformation was conducted using OneShot® TOP10 chemically competent E. 
coli according to the manufacturer’s guidelines. To each 50 µl vial of TOP10 cells was added 
A 
B 
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2 µl of the ligation reaction. The mixture was incubated on ice for 30 minutes and heat 
shocked for 30 seconds at 42 °C before being placed back on ice for a further 2 minutes. Pre-
warmed super optimal broth with Catabolite repression (S.O.C.) medium was added and the 
cells shaken at 225 rpm and 37 °C for 1 hour. The transformed cells were then spread onto 
pre-warmed LB-agar plates containing 50 µg/ml Kanamycin and incubated for 12-16 hours at 
37 °C. After incubating overnight, 3 colonies were selected from each LB-agar plate and 
incubated at 37 °C for a further 16 hours at 225 rpm in 5 ml of LB containing antibiotics. 
5.2.2.6 DNA purification, sequencing and amplification 
     DNA purification was performed using the Wizard® Plus SV Minipreps DNA Purification 
System [Promega], as described in section 2.2.1.2. For sequencing, 250 ng of plasmid DNA 
was mixed with 3.2 pmol of forward or reverse primers (Table 5.1) in a total volume of 10 µl. 
Due to low plasmid yields using TOP10 E. coli, plasmid DNA was then transformed into 
DH5α chemically competent E. coli and amplified using the GenElute™ High Performance 
(HP) Plasmid Maxiprep Kit [Sigma], as outlined in section 2.2.1.3. Purified plasmid DNA 
was sequenced again to ensure the insert sequence was still correct. 
Primer Direction Sequence 
Forward 5’- AAGGTCGGGCAGGAAGAG -3’ 
Reverse 5’- GCAACGAACAGGTCACTATCAG -3’ 
 
Table 5.1 Table of forward and reverse primers sequences for sequencing the pENTR™/U6 
vector. 
 
5.2.2.7 Subcloning the U6 RNAi cassette into the pLenti6/BLOCK-iT™-DEST vector 
     The U6 RNAi cassette containing the U6 promoter sequence, the double-stranded DNA 
oligonucleotide encoding the shRNA target sequence and Pol III terminator sequence was 
transferred from the pENTR™/U6 entry clone to the pLenti6/BLOCK-iT™-DEST lentiviral 
vector by LR recombination according to the manufacturer’s protocol. Briefly, 150 ng/µl of 
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entry clone was diluted in TE buffer pH 8.0 and incubated at 25 °C for 1 hour with 150 ng/µl 
of the lentiviral vector and 2 µl of Gateway® LR Clonase® II enzyme mix. Following this, 1 
µl of Proteinase K (2 µg/µl) was added and the reaction mixture incubated at 37°C for a 
further 10 minutes. The LR recombination reaction was then transformed into OneShot Stbl3 
chemically competent E. coli. 
5.2.2.8 Bacterial transformation of lentiviral vectors 
     OneShot® Stbl3™ chemically competent E. coli cells were used according to the 
manufacturer’s instructions. One vial was thawed on ice for each transformation reaction. 
Once thawed, 3 µl of the LR recombination reaction was added and the reaction mixture 
incubated on ice for 30 minutes. The cells were subsequently heat-shocked at 42 °C for 45 
seconds and placed back on ice. After 2 minutes on ice, 250 µl of pre-warmed S.O.C. medium 
was added and the vials incubated for 1 hour at 37 °C with shaking. The transformation 
reaction was then spread onto pre-warmed LB agar plates containing 100 µg/ml ampicillin 
and incubated overnight at 37 °C without shaking. Colonies were selected from each LB-agar 
plate the following day and incubated at 37 °C for a further 16 hours at 225 rpm in 5 ml of LB 
containing antibiotics. Plasmid DNA was then purified using the GenElute™ High 
Performance (HP) Plasmid Maxiprep Kit [Sigma-Aldrich], as outlined in section 2.2.1.3. 
5.2.2.9 Producing lentivirus in 293FT packaging cells 
     Lentiviral plasmid transfection was performed 24 hours after seeding the 293FT packaging 
cell line at 6 x 106 cells per well in 100 mm tissue culture dishes. The ViraPower™ packaging 
mix was co-transfected with the lentiviral plasmid DNA to facilitate viral packaging. The 
ViraPower™ packaging mix was diluted in Opti-MEM® I reduced serum medium along with 
the lentiviral plasmid at a 3:1 ratio. In a separate vial, Lipofectamine® 2000 transfection 
reagent was diluted in Opti-MEM® I reduced serum medium. After a 5-minute incubation at 
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room temperature, the diluted DNA was combined with the Lipofectamine® 2000 and 
incubated for a further 20 minutes to enable DNA-lipid complex formation. The transfection 
mix was then added to the tissue culture plate containing complete culture medium. After 24 
hours, the medium was removed and replaced with complete culture medium. The virus-
containing supernatant was then harvested 72 hours post-transfection, briefly centrifuged at 
3000 rpm to pellet cell debris and then concentrated using Spin-X ultrafiltration concentrators 
[Sigma-Aldrich]. Viral supernatants were subsequently aliquoted and stored at -80 °C. 
5.2.2.10 Transduction of cells with BLOCK-iT™ Lentiviral Particles 
     HNSCC cells were seeded in 35 mm tissue culture dishes and incubated at 37 °C and 5 % 
CO2 24 hours prior to transduction with lentiviral particles. 92-VU-040T and 93-VU-147T 
cells were seeded at 2.0x105 and 2.5x105 cells per well, respectively. On the day of 
transduction, the lentiviral particles were thawed on ice. The medium was then removed from 
the cells and replaced with 1 ml of viral particles, along with Polybrene. The plates were 
covered with foil to reduce the amount of evaporation and returned to the incubator. After 
incubating for 24 hours, the medium was replaced with complete medium containing serum 
and Blasticidin to select for stably transduced cells. Transduced cells were then analysed for 
levels of PTTG and PBF mRNA knockdown and also re-seeded for selection of Blasticidin-
resistant colonies. 
 
5.2.3 SMARTvector 2.0 lentiviral particles 
     Transduction-ready lentiviral particles were purchased from Dharmacon [GE Healthcare, 
Little Chalfont, UK]. A set of three pre-designed SMARTvector 2.0 human lentiviral shRNAs 
targeting the PBF gene were chosen. Details of the shRNA target sequences are presented in 
Appendix A. 
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5.2.3.1 Vectors 
     The lentiviral particles contained a SMARTvector 2.0 human lentiviral shRNA vector. 
This vector has several features, including a TurboGFP (tGFP) reporter gene to facilitate 
optimisation of transduction conditions and visualisation of shRNA expression within the cell, 
one of three pre-designed microRNA-adapted PBF shRNA target sequences under the control 
of the human CMV promoter and a puromycin resistance gene to enable selection of stably-
transduced cells (Figure 5.5). Lentivral particles containing a SMARTvector 2.0 human 
lentiviral negative control shRNA vector were also purchased as a control (herein known as 
scrambled shRNA (Scr shRNA)). 
 
Figure 5.5 The SMARTvector 2.0 lentiviral shRNA vector features. LTR = long terminal 
repeat, Ψ = Psi packaging signal, IRES = internal ribosome entry site, PuroR = Puromycin. 
resistance gene, WRPE = Woodchuck Hepatitis Virus posttranscriptional response element, 
SIN LTR = self-inactivating long terminal repeat. 
 
5.2.3.2 SMARTchoice shRNA promoter selection plate 
     SMARTvector 2.0 non-targeting control vector lentiviral particles expressing TurboGFP 
were arranged in two-fold dilutions across the SMARTchoice shRNA promoter selection 
plate to enable identification of the optimal promoter for both 92-VU-040T and 93-VU-147T 
cell lines. Cells were seeded 10.5 x 103 cells per well in 96-well plate format, 24 hours before 
transduction. Lentiviral transduction was then performed according to the manufacturer’s 
instructions. Cells were visually inspected for TurboGFP expression 48 and 72 hours post-
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transduction. Expression was considered to be a semi-qualitative assessment of relative 
promoter activity. 
5.2.3.3 Transduction of cells with SMARTvector 2.0 lentiviral shRNA 
     SMARTvector lentiviral PBF shRNAs, with the optimal vector configuration, were 
provided as lentiviral particles. To determine the volume of viral particles required per well, 
the total number of transducing units per ml (TU/ml), determined for each lentiviral shRNA, 
was divided by the desired Multiplicity of Infection (MOI) multiplied by the number of cells 
seeded per well. The MOI refers to the number of viral particles added per number of cells, 
for example, MOI = 1 means that 1 million viral particles have been added to 1 million cells: 
 
 
     Once thawed on ice, the appropriate volumes of viral particles were diluted in complete 
medium containing Polybrene, but lacking serum. Following a 20-minute incubation at room 
temperature, medium was removed from the cells and replaced with 50 µl per well of the 
diluted viral particles. The plates were returned to the incubator and, 24 hours later, the viral 
particles removed and replaced with complete medium containing serum and 2 µg/ml 
Puromycin. Cells were visually inspected for TurboGFP expression 48-72 hours post-
transduction and the medium replaced every 3 days to select for stably transduced cells. 
Transduced cells were then analysed for the levels of PBF mRNA knockdown and sorted by 
fluorescence activated cell sorting (FACS) to isolate single-cell transfectants.  
5.2.3.4 Fluorescence-Activated Cell Sorting (FACS) 
     92-VU-040T and 93-VU-147T cells transduced with SMARTvector 2.0 lentiviral particles 
were trypsinised with 0.25% trypsin solution [Invitrogen], resuspended in complete medium 
and then centrifuged at 1500 rpm for 5 minutes. The pelleted cells were resuspended in sterile 
Volume of viral stock per well = (MOI x cells seeded) / TU/ml 
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phosphate buffered saline (PBS) and transferred to test tubes. Samples were then analysed by 
the FACSAria II 4-colour cytometer. Single-cell transfectants were isolated and re-plated into 
a 96-well plate with complete medium already aliquoted into each well. The plate was 
returned to the incubator and the medium containing Puromycin replaced every 3 days. Once 
confluent, the cells were transferred to a 24-well plate and then grown up into T75 flasks.  
 
5.2.4 RNA extraction, quantification and quantitative real-time PCR 
     Total RNA was extracted from 92-VU-040T and 93-VU-147T cells as described in section 
2.3 for downstream Taqman®-based expression assays. Reverse transcription and real-time 
quantitative PCR (qPCR) techniques were as described above (see sections 2.4 and 2.5) and 
Taqman gene expression assays for PBF (Hs01036322_m1), PTTG (Hs00851754_u1), TP53 
(Hs01034249_m1), Rb (Hs01078066_m1), CDKN1A (Hs00355782_m1), CDKN2A 
(Hs99999189_m1), BAX (Hs00180269_m1) and BCL-2 (Hs00248075_m1) were purchased 
from Applied Biosystems™. 
 
5.2.5 Western Blotting 
     Protein extraction, quantification and Western blotting techniques were performed as 
previously described in section 2.6. Antibodies used were anti-PBF-8 1:500, anti-PTTG 
1:750, anti-Y174-phosphorylated PBF 1:1000 and anti-β actin 1:15,000. 
 
5.2.6 BrdU cell proliferaton assay 
     The rate of cell proliferation in stably transduced 92-VU-040T and 93-VU-147T cells was 
assessed as outlined in section 2.9. Cells were seeded at 4 x103 cells per well in 96-well plates 
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and incubated for 24 hours before conducting the assay. The absorbance at 405 nm was 
measured using the Victor3 1420 Multilabel Counter [PerkinElmer]. 
 
5.2.7 Statistical analysis 
     Statistical analysis was performed as outlined in section 2.12. Following expert statistical 
advice suggesting the ΔΔCt transformation skews the standard error, qPCR data was 
presented as the mean fold change in mRNA expression and the mean ΔCt and SEM values 
provided in a table below each graph. 
 
5.3 Results 
     In order to investigate the roles of PTTG and PBF in the context of head and neck 
tumourigenesis, RNAi was utilised to knockdown expression of each proto-oncogene in the 
HPV-negative and HPV-positive HNSCC cell lines, 92-VU-040T and 93-VU-147T, 
respectively. Stable knockdown clones were then generated and PTTG and PBF function 
assessed in downstream functional assays. To this end, multiple shRNA target sequences, 
designed to different nucleotide sequences within the cDNA sequence of PTTG and PBF, 
were screened to ensure optimal levels of target gene knockdown. A scrambled sequence with 
no homology to any known human sequence was designed for use as a negative control to 
demonstrate that the effects observed were solely due to depletion of PTTG and PBF and not 
a result of lentiviral-mediated delivery of the shRNA into the cell. 
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5.3.1 BLOCK-iT™ lentiviral RNAi expression system 
5.3.1.1 Evaluation of PTTG mRNA expression in stably transduced head and neck cancer 
cell lines 
     Following transduction with lentiviral particles and antibiotic selection of stably 
transduced cells, PTTG mRNA expression was assessed by qPCR. Preliminary screening of 
PTTG mRNA expression in both cell lines, demonstrated successful PTTG mRNA 
knockdown upon transduction with both PTTG shRNA constructs (PTTG shRNA #1-2), 
when compared to the scrambled control (Scr shRNA) (Figure 5.6). The degree of PTTG gene 
silencing varied for each construct, with PTTG shRNA #1 providing approximately 90 % 
knockdown in 92-VU-040T and 93-VU-147T cells, and PTTG shRNA #2 providing 






Figure 5.6 Real-time PCR analysis of PTTG mRNA expression in head and neck cancer cells 
transduced with PTTG-specific shRNA.	PTTG mRNA expression in 92-VU-040T and 93-VU-
147T cells stably transduced with BLOCK-iT™ lentivirus expressing a scrambled control 
shRNA construct (Scr shRNA) or one of two PTTG shRNA constructs (PTTG shRNA #1 and 
PTTG shRNA #2). The PTTG shRNA constructs highlighted in red were selected for the 
generation of clonal cell lines. Data presented as fold change in mRNA expression (n=1).  
 
     Based on the above results, cells transduced with PTTG shRNA #1 were expanded and 
four antibiotic-resistant colonies selected to provide a genetically homogeneous and clonal 
92-VU-040T 93-VU-147T 
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cell population. The clonal cell lines underwent further gene expression analysis to identify 
the clonal cell population with the greatest reduction in PTTG mRNA expression. In 92-VU-
040T cells, all four colonies selected demonstrated reduced PTTG mRNA expression in 
comparison to Scr shRNA-transduced cells (Figure 5.7). Colony 2 (C2) provided the greatest 
degree of knockdown and was therefore selected for further characterisation and for use in 
downstream functional assays. Unfortunately, for 93-VU-147T cells, the majority of colonies 
did not survive and thus could not be analysed for gene expression or used in subsequent 
experiments. The one surviving colony (C1) displayed a reasonable level of PTTG mRNA 








Figure 5.7 Real-time PCR analysis of PTTG mRNA expression in clonal head and neck 
cancer cell lines stably transduced with PTTG shRNA #1. PTTG mRNA expression in 92-VU-
040T and 93-VU-147T cells stably transduced with BLOCK-iT™ lentivirus expressing PTTG 
shRNA construct #1 (PTTG shRNA #1) or a scrambled shRNA construct (Scr shRNA).	The 
PTTG shRNA-expressing clones highlighted in red were selected for further analysis and 
future experiments. Data presented as fold change in mRNA expression (n=1). 
 
92-VU-040T 93-VU-147T 
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5.3.1.2 Evaluation of PBF mRNA expression in stably transduced head and neck cancer 
cell lines 
     HNSCC cell lines were also subjected to RNAi-mediated PBF gene silencing using four 
different PBF shRNA constructs (PBF shRNA #1-4). PBF mRNA expression was measured 
by quantitative real-time PCR following transduction with the lentiviral particles and 
subsequent antibiotic selection. As shown in Figure 5.8, PBF mRNA expression, on average, 
was only reduced by around 30 % in both cell lines. Such low levels of gene knockdown were 
suggestive of either weak shRNA activity or low transduction efficiency and were unlikely to 
result in a change of phenotype. To address this issue, pre-designed, transduction-ready 
SMARTvector 2.0 lentiviral particles expressing three different PBF-specific shRNA 







Figure 5.8 Real-time PCR analysis of PBF mRNA expression in head and neck cancer cells. 
PBF mRNA expression in 92-VU-040T and 93-VU-147T cells stably transduced with 
BLOCK-iT™ lentivirus expressing a scrambled control shRNA construct (Scr shRNA) or one 
of four PBF shRNA constructs (PBF shRNA #1, PBF shRNA #2, PBF shRNA #3 and PBF 
shRNA #4). No constructs were selected for further analysis or future experiments, as the 




Chapter 5 Stable gene silencing in head and neck cancer cells by lentiviral vectors 
 
   140 
5.3.2 SMARTvector 2.0 lentiviral particles 
5.3.2.1 Identifying the most active promoter 
     Promoter activity varies considerably across different cell types and species. This can have 
a significant impact on shRNA expression and consequently the potency of gene silencing. 
Few studies have systematically compared promoter performance in HNSCC cell lines. We 
therefore opted for the SMARTchoice platform of lentiviral vectors as these could be tailored 
to contain the most active transcriptional promoter for any given cell type. The 
SMARTchoice promoter selection plate was used to evaluate the strength of the available 
seven constitutive promoters in our cell lines, prior to purchasing the lentiviral particles.  
     Viral particles co-expressing a non-targeting control shRNA and TurboGFP (tGFP) under 
the control of each of the seven transcriptional promoters were arrayed in two-fold dilutions, 
ranging from 4.0 x 105 transducing units (TU) to 0.125 x 105 TU, across the 96-well promoter 
selection plate. These arrayed viral particles were used to transduce both 92-VU-040T and 93-
VU-147T cells. Promoter activity was then assessed 72 hours post-transduction by means of 
tGFP fluorescence intensity. As shown in Figure 5.9 and Figure 5.10, the human immediate 
early cytomegalovirus (hCMV) promoter was the most active promoter in 92-VU-040T and 
93-VU-147T cells. The mouse-derived CMV promoter was aslo able to induce expression of 
tGFP in the two cell lines, albeit, to a lesser degree. In addition, low-level activity was 
observed with both human and mouse elongation factor-1-alpha (EF1α) promoters, but only 
when cells were transduced with the highest number of viral particles (4.0 x 105 TU and 2.0 x 
105 TU). Based on this data, PBF shRNA lentiviral constructs were designed to contain the 
hCMV promoter. 
     From these preliminary transduction experiments, we were also able to estimate the 
number of viral particles that would be required to transduce our cell lines (MOI), again, on 
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the basis of tGFP expression. The MOI is defined as the number of viral particles added per 
cell during transduction. As the MOI increases, so does the number of integration events and 
therefore shRNA expression levels too. However, with high MOIs also comes the risk of 
greater cellular toxicity. In both our cell lines, tGFP expression was clearly evident when cells 
were transduced with lentiviral particles at 4.0, 2.0, 1.0 and 0.5 x 105 TU (Figure 5.9 and 
Figure 5.10, hCMV row). As 10.5 x 103 cells were seeded per well and transduced with 25 µl 
of lentiviral particles, the results from the selection plate suggested that transduction with a 
range of MOIs between 10 and 30 would provide similar transduction results for the PBF 
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Figure 5.9 Fluorescence microscopy images demonstrating promoter-selective tGFP 
expression in 92-VU-040T cells. Cells were transduced with SMARTvector 2.0 lentiviral 
particles expressing a non-targeting control shRNA and the TurboGFP reporter under one of 
seven different promoters. Scale bars = 500 µm. Empty = DMEM only, hCMV = human 
cytomegalovirus immediate early promoter, mCMV = mouse cytomegalovirus immediate 
early promoter, hEF1α = human elongation factor 1 alpha promoter, mEF1α = mouse 
elongation factor 1 alpha promoter, CAG = chicken beta actin hybrid promoter, PGK = 









4.0 2.0 1.0 0.5 0.25 0.125 TU (x10) = 
92-VU-040T 
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Figure 5.10 Fluorescence microscopy images demonstrating promoter-selective tGFP 
expression in 93-VU-147T cells. Cells were transduced with SMARTvector 2.0 lentiviral 
particles expressing a non-targeting control shRNA and the TurboGFP reporter under one of 
seven different promoters. Scale bars = 500 µm. Empty = DMEM only, hCMV = human 
cytomegalovirus immediate early promoter, mCMV = mouse cytomegalovirus immediate 
early promoter, hEF1α = human elongation factor 1 alpha promoter, mEF1α = mouse 
elongation factor 1 alpha promoter, CAG = chicken beta actin hybrid promoter, PGK = 










4.0 2.0 1.0 0.5 0.25 0.125 TU (x10) = 
93-VU-147T 
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5.3.2.2 Determining the optimal MOI  
     Having deduced the most suitable vector configuration, we next tested a range of MOIs, 
similar to those mentioned above, using lentiviral particles targeting three separate regions of 
the PBF gene (PBF shRNA #1-3). Cells were transduced with lentiviral particles at MOIs of 
5, 10 and 20. Upon inspection 72 hours later, MOI of 20 was shown to provide the most 
effective transduction, as demonstrated by tGFP fluorescence intensity in 92-VU-040T and 
93-VU-147T cells (Figure 5.11). This observation was consistent across all three constructs. 
Furthermore, visual inspection of the cells in brightfield suggested there was minimal cellular 
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Figure 5.11 Fluorescence microscopy images demonstrating the optimal Multiplicity of 
Infection (MOI) in 92-VU-040T and 93-VU-147T head and neck cancer cell lines. TurboGFP 
(green) fluorescence intensity was assessed 72 hours post-transduction. Scale bars = 200 µm.  
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PBF shRNA #1 
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5.3.2.3 Evaluation of PBF mRNA expression in stably transduced head and neck cancer 
cell lines 
     92-VU-040T and 93-VU-147T cells transduced at MOI 20 were analysed for PBF mRNA 
expression. Transduction with each of the three PBF shRNA constructs resulted in a modest 
down-regulation of PBF mRNA expression, as shown in Figure 5.12. In 92-VU-040T cells, 
expression was knocked down, on average, by around 60 %. PBF shRNA #1 demonstrated 
the greatest level of knockdown, at approximately 80 %, and was therefore selected for 
generating a PBF shRNA-expressing clonal cell population. In 93-VU-147T cells, the extent 
of knockdown was not as high, demonstrating an average reduction in expression of around 
40 %. However, this was slightly better than the knockdown observed with the lentiviral 
particles generated in-house (see Figure 5.8 above). Once again, transduction of PBF shRNA 









Figure 5.12 Real-time PCR analysis of PBF mRNA expression in head and neck cancer cells 
transduced with SMARTvector 2.0 lentivirus. PBF mRNA expression in 92-VU-040T and 93-
VU-147T cells stably transduced with SMARTvector 2.0 lentivirus expressing a scrambled 
control shRNA construct (Scr shRNA) or one of three PBF shRNA constructs (PBF shRNA 
#1-3). The PBF shRNA constructs highlighted in red were selected for the generation of 
clonal cell lines. Data presented as fold change in mRNA expression (n=1). 
 
92-VU-040T 93-VU-147T 
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5.3.2.4 Generating PBF shRNA-expressing clonal cell lines 
     92-VU-040T and 93-VU-147T single cell transfectants, expressing PBF shRNA construct 
#1, were isolated based upon tGFP fluorescence by FACS. Following trypsinisation, cells 
were re-suspended in sterile PBS. Non-transduced cells were initially used to gate for viable, 
single cell events on the basis of forward scatter (FSC) and side scatter (SSC) (‘P1’ gate) 
(Figure 5.13A). As can be seen in the univariate histogram, these cells demonstrated very 
little baseline autofluorescence and, as such, were also used to guide gating for tGFP 
fluorescence in the stable cell lines. Additional gating was implemented at this stage to select 
and isolate only cells displaying relatively high levels of tGFP (‘P2’ gate). When transduced 
cells were analysed under these conditions, a higher proportion of cells fell within the P2 gate, 
as expected, and were classed as ‘tGFP-positive’ (Figure 5.13B). Individual transduced, P1- 
and P2-gated cells were then isolated and transferred to individual wells containing complete 
medium. Following clonal expansion, four FACS-sorted colonies were selected per cell line 
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Figure 5.13	 Selection of PBF shRNA clones based on TurboGFP reporter expression. 
Fluorescence Activated Cell Sorting (FACS) was used to isolate and re-plate single cells 
stably transduced with the SMARTvector 2.0 lentivirus expressing either scrambled control 
shRNA (Scr shRNA) or PBF shRNA (PBF shRNA #1).	A – Non-transduced cells were used to 
gate for viable, single cell events (red dots within black box labelled ‘P1’) based upon their 
forward (FSC-A) and side (SSC-A) scatter. These cells did not express TurboGFP (FITC-A), 
as demonstrated in the univariate histogram. B – Univariate histograms showing TurboGFP 
expression in Scr-shRNA and PBF shRNA #1- expressing head and neck cancer cell lines. 
Additional gating was used to select and isolate transduced cells expressing mid-high levels 
of TurboGFP (region outlined and labelled ‘P2’).  
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     PBF gene expression was assessed by qPCR and was successfully depleted in all three 92-
VU-040T colonies and all four 93-VU-147T colonies (Figure 5.14). Furthermore, expression 
was reduced to a greater extent in all colonies, when compared with PBF expression in the 
polyclonal lines (see Figure 5.12). The most effective knockdown was observed with 92-VU-
040T colony 1 (~85 % reduction) and 93-VU-147T colony 3 (C3; 87 % reduction). Both 









Figure 5.14 Real-time PCR analysis of PBF mRNA expression in head and neck cancer cell 
clones following FACS sorting. PBF mRNA expression in clones from 92-VU-040T and 93-
VU-147T cells stably transduced with SMARTvector 2.0 lentivirus expressing a scrambled 
control shRNA construct (Scr shRNA) or PBF shRNA construct #1 (PBF shRNA #1). The PBF 
shRNA-expressing clones highlighted in red were selected for further analysis and future 
experiments. Data presented as fold change in mRNA expression (n=1). 
 
5.3.3 Confirmation of RNAi-mediated PTTG and PBF depletion in vitro 
     Having identified resistant colonies demonstrating knockdown of PTTG and PBF at the 
transcriptional level, we next wished to confirm knockdown both at the mRNA and protein 
levels. Figure 5.15 shows a significant decrease in PTTG mRNA expression levels in both 92-
VU-040T (~95 % reduction, p=0.000003, n=4) and 93-VU-147T (90 % reduction, p=0.007, 
n=4) cells, when comparing PTTG shRNA with scrambled control shRNA. Furthermore, 
92-VU-040T 93-VU-147T 
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analysis of PTTG protein expression in these samples revealed a marked reduction in protein 









Figure 5.15 Knockdown of PTTG expression in selected colonies. A – PTTG mRNA and 
protein expression in 92-VU-040T cells stably transduced with scrambled shRNA or PTTG 
shRNA assessed by real-time PCR and western blotting, respectively. B – PTTG mRNA and 
protein expression in 93-VU-147T cells stably transduced with scrambled shRNA or PTTG 
shRNA assessed by real-time PCR and western blotting, respectively. Data presented as mean 
fold change in mRNA expression (n=4). The number of samples used and the mean ΔCt 
values ± SEM for each group are given in the corresponding columns in the table below each 
graph. * p ≤0.05, ** p ≤0.01, *** p ≤0.001, **** p ≤0.0001.  
 
     Analysis of the PBF shRNA clones also demonstrated significant depletion of PBF mRNA 
expression in 92-VU-040T (85 % reduction, p=0.0006, n=4) and 93-VU-147T (90 % 
reduction, p=0.00005, n=4) cells compared to the scrambled control shRNA (Figure 5.16). 
Similarly, PBF protein expression was reduced following PBF knockdown in both cell lines. 
A B 
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Phosphorylation of PBF at position Y174 has been shown by our group to be critical for PBF 
function (Smith et al. 2013, Watkins et al. 2016). Importantly, expression of Y174-
phosphorylated PBF was also downregulated in cells transduced with PBF shRNA. No 
significant differences in cellular morphology were observed in any of the lentivirus-











Figure 5.16 Knockdown of PBF expression in selected colonies. A – PBF mRNA and protein 
expression in 92-VU-040T cells stably transduced with scrambled shRNA or PBF shRNA 
assessed by real-time PCR and western blotting, respectively. B – PBF mRNA and protein 
expression in 93-VU-147T cells stably transduced with scrambled shRNA or PBF shRNA 
assessed by real-time PCR and western blotting, respectively. Data presented as mean fold 
change in mRNA expression (n=4). The number of samples used and the mean ΔCt values ± 
SEM for each group are given in the corresponding columns in the table below each graph. * 
p ≤0.05, ** p ≤0.01, *** p ≤0.001, **** p ≤0.0001.  
 
Chapter 5 Stable gene silencing in head and neck cancer cells by lentiviral vectors 
 























Figure 5.17	 No alteration in cell morphology following lentiviral transduction. 
Representative brightfield images of 92-VU-040T (A) and 93-VU-147T (B) cells showing no 
obvious change in cellular morphology following lentiviral transduction with the indicated 
shRNA constructs. Scale bars = 100 µm. 
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5.3.4 Profiling of lentiviral stably transduced cell lines 
5.3.4.1 Effect of PTTG and PBF gene silencing on cell proliferation 
     In light of PTTG’s crucial role as a securin in regulating mitosis, and PBF’s reported pro-
proliferative effect in the thyroid, we examined the influence of PTTG and PBF depletion on 
HNSCC cell proliferation. BrdU assays were used to examine the rate of cellular proliferation. 
Non-transduced cells did not display any observable difference in cell proliferation when 
compared to Scr shRNA-transduced cells (Figure 5.18). In contrast, depletion of PTTG led to 
a significant increase in both 92-VU-040T and 93-VU-147T cell proliferation when compared 
to Scr shRNA-transduced cells (Figure 5.18 – top panel). On the other hand, knockdown of 
PBF led to a marginal yet significant decrease in 92-VU040T and 93-VU-147T cell 
proliferation compared to Scr shRNA-transduced and non-transduced cells (Figure 5.18 – 
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Figure 5.18 The effect of PTTG and PBF gene silencing on cellular proliferation in 92-VU-
040T and 93-VU-147T cells as assessed by BrdU assay. Non-transduced 92-VU-040T and 93-
VU-147T cells were seeded alongside cells stably transduced with either scrambled shRNA 
and PTTG shRNA (A), or scrambled shRNA and PBF shRNA (B) (n=4 with 8 replicates). * p 
≤0.05, ** p ≤0.01.  
 
5.3.4.2 The effect of PTTG and PBF gene silencing on their reciprocal expression 
     We have previously demonstrated that PTTG is capable of inducing PBF mRNA 
expression in vitro and have reported parallel increases in PTTG and PBF mRNA expression 
in pituitary tumours (Stratford et al. 2005). In chapter 4, we found that PTTG and PBF mRNA 
expression levels were significantly and positively correlated in HNSCC tumours. We 
therefore examined PTTG and PBF mRNA expression levels following PBF and PTTG gene 
silencing in our head and neck tumour cell lines, respectively. Interestingly, in both 92-VU-
040T and 93-VU-147T cells PTTG gene silencing had no effect on PBF mRNA expression 
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mRNA expression in 92-VU-040T cells only but had no effect on PTTG mRNA expression in 




















Figure 5.19 PBF and PTTG mRNA expression in 92-VU-040T and 93-VU-147T cells as 
assessed by real-time PCR. A – PBF mRNA expression in 92-VU-040T and 93-VU-147T cells 
stably transduced with scrambled shRNA or PTTG shRNA. B - PTTG mRNA expression in 
92-VU-040T and 93-VU-147T cells stably transduced with scrambled shRNA or PBF shRNA 
Data presented as mean fold change in mRNA expression (n=4). The number of samples used 
and the mean ΔCt values ± SEM for each group are given in the corresponding columns in 
the table below each graph. * p ≤0.05. 
A 
B 
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5.3.4.3 The effect of PTTG and PBF gene silencing on expression of cell cycle regulatory 
genes 
     Given the observed changes in cellular proliferation following knockdown of PTTG and 
PBF, we next assessed mRNA expressions of TP53 and Rb cell cycle-related signalling 
pathways. In 92-VU-040T cells mRNA levels of TP53, CDKN1A and Rb were unaltered 
following PTTG or PBF knockdown and CDKN2A mRNA was undetectable (Figure 5.20A 
and Figure 5.21A). Similarly, in 93-VU-147T cells, TP53, CDKN1A and Rb mRNA 
expression levels were unaltered following PTTG or PBF knockdown (Figure 5.20B and 
Figure 5.21B) CDKN2A mRNA was however detected in these cells but again was unaffected 
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Figure 5.20 The effect of PTTG gene silencing on the mRNA expression of several key cell 
cycle regulatory genes. TP53, CDKN1A, Rb and CDKN2A mRNA expression was assessed by 
quantitative real-time PCR in 92-VU-040T (A) and 93-VU-147T (B) cells following PTTG 
gene silencing. Data presented as mean fold change in mRNA expression (n=4). The number 
of samples used and the mean ΔCt values ± SEM for each group are given in the 





Number 4 4 4 4 4 4 4 4 
ΔCt ± SEM 12.0±0.11 12.2±0.26 11.6±0.22 11.5±0.22 15.0±0.28 14.8±0.31 - - 
B 
Number 4 4 4 4 4 4 4 4 
ΔCt ± SEM 9.7±0.51 9.8±0.38 12.5±0.52 12.6±0.27 13.0±0.52 12.8±0.59 9.9±0.30 10.1±0.48 
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Figure 5.21 The effect of PBF gene silencing on the mRNA expression of several key cell 
cycle regulatory genes. TP53, CDKN1A, Rb and CDKN2A mRNA expression was assessed by 
quantitative real-time PCR in 92-VU-040T (A) and 93-VU-147T (B) cells following PBF gene 
silencing. Data presented as mean fold change in mRNA expression (n=4). The number of 
samples used and the mean ΔCt values ± SEM for each group are given in the corresponding 
columns in the table below each graph. ND = not detected.  
 
Number 4 4 4 4 4 4 4 4 
ΔCt ± SEM 12.3±0.26 12.4±0.61 10.8±0.31 11.0±0.74 13.8±0.28 13.8±0.32 - - 
A 
B 
Number 4 4 4 4 4 4 4 4 
ΔCt ± SEM 10.0±0.31 10.1±0.17 13.1±0.19 13.0±0.25 13.9±0.20 13.8±0.28 10.4±0.20 10.2±0.07 
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5.3.4.4 The effect of PTTG and PBF gene silencing on expression of markers of apoptosis 
     Given the potential proliferative advantage conferred by PTTG knockdown and the 
opposing effect of PBF knockdown, we aimed to determine the effects of PTTG and PBF 
gene silencing on the gene expression of two important apoptotic factors, B-cell lymphoma 2 
(BCL-2) and BCL-2-associated X protein (BAX). BAX is a pro-apoptotic gene whose protein 
product forms heterodimers with the anti-apoptotic BCL-2. The BCL-2:BAX ratio within the 
cell is therefore thought to play a crucial role in the cells response to apoptotic stimuli (Basu, 
Haldar 1998). When BCL-2 levels are high, BCL-2:BCL-2 homodimers create an anti-
apoptotic environment within the cell. Once activated, BAX can displace BCL-2, resulting in 
the formation of BCL-2:BAX heterodimers. This results in inhibition of BCL-2 function and 
invariably leads to the induction of cell apoptosis (Basu, Haldar 1998).  
     BAX gene expression was not significantly affected by PTTG or PBF gene silencing in 
either cell line (Figure 5.22). However, PTTG gene silencing in 92-VU-040T (Figure 5.22A; 
2.7-fold, p=0.033, n=4) and 93-VU-147T (Figure 5.22B; 3.4-fold, p=0.05) cells led to a 
significant induction in BCL-2 expression. In contrast, PBF gene silencing in 92-VU-040T 
(Figure 5.22A; 0.5-fold, p=0.038, n=4) and 93-VU-147T (Figure 5.22B; 0.5-fold, p=0.009, 
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Figure 5.22 The effect of PTTG and PBF gene silencing on mRNA expression of the apoptotic 
factors BCL-2 and BAX in 92-VU-040T and 93-VU-147T cells. A – BCL-2 and BAX mRNA 
expression in 92-VU-040T and 93-VU-147T cells stably transduced with PTTG shRNA. B – 
BCL-2 and BAX mRNA expression in 92-VU-040T and 93-VU-147T cells stably transduced 
with PBF shRNA. Data presented as mean fold change in mRNA expression (n=4). The 
number of samples used and the mean ΔCt values ± SEM for each group are given in the 




Number 4 4 4 4 4 4 4 4 
ΔCt ± SEM 16.7±0.36 15.3±0.36 11.3±0.22 11.4±0.27 15.6±0.43 13.9±0.53 10.4±0.36 10.3±0.40 
Number 4 4 4 4 4 4 4 4 
ΔCt ± SEM 14.8±0.15 16.2±0.51 12.2±0.16 12.3±0.32 16.1±0.19 17.3±0.23 11.5±0.06 11.3±0.09 
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5.4 Discussion 
5.4.1 Generation of lentiviral stably transduced cell lines 
     Overexpression of the proto-oncogenes PTTG and PBF has been reported in numerous 
cancers and both are believed to play a crucial role in tumour progression (Boelaert et al. 
2003a, Stratford et al. 2005). Recent studies have also implicated PTTG expression in the 
tumourigenesis of head and neck cancer, where overexpression has been shown to promote 
migration, invasion and epithelial-to-mesenchymal transition (EMT), primarily through 
induction of ECM-degrading matrix metalloproteinases (MMP) (Ito et al. 2008). In previous 
chapters we confirmed overexpression of PTTG in a series of paired HNSCC tumour and 
normal tissue specimens. Furthermore, we identified PBF expression to also be elevated in 
these tumour specimens. However, despite a wealth of data implicating PTTG and now PBF 
in head and neck cancers, the precise roles of both genes in head and neck tumour progression 
have not been delineated. 
     The majority of HNSCC cell lines are extremely difficult to transfect using conventional 
methods. Lentivirus-based RNAi expression systems have become a powerful tool for the 
delivery of gene-specific shRNAs into primary, non-dividing or hard-to-transfect cell lines. 
These vectors, unlike adenoviral and adeno-associated viral (AAV) vectors, provide long-
term, stable gene knockdown through efficient integration into the host genome (Naldini 
1998). In addition, lentiviral vectors appear to have a different integration pattern than 
retroviruses, showing a preference for integration at sites far from transcriptional start sites, 
thus rendering them less genotoxic (Montini et al. 2006, Dropulić 2011). To date, the 
application of lentivirus to the transduction of HNSCC cells has been relatively successful 
(Lo et al. 2011, Que et al. 2015, Khan et al. 2016), providing a robust platform for modulating 
gene expression and function in hard-to-transfect cell lines. In order to further our 
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understanding of the roles PTTG and PBF play in head and neck tumourigenesis we therefore 
developed lentivirus-based vectors to effectively knockdown PTTG and PBF gene expression 
and activity in HPV-negative 92-VU-040T and HPV-positive 93-VU-147T HNSCC cell lines.  
     We initially utilised the Invitrogen™ lentiviral BLOCK-iT RNAi expression system to 
facilitate lentivirus-based shRNA delivery into our HNSCC cells. Proper target sequence 
selection is imperative for successful target gene knockdown. We therefore used an online 
algorithm to design multiple shRNA sequences against different sites within the PTTG and 
PBF genes in order to increase the possibility of at least one target sequence providing 
sufficient target gene knockdown. Quantitative real-time PCR analysis of PTTG and PBF 
gene expression in both HNSCC cell lines following transduction with our lentiviral particles 
revealed some variation in the extent of gene knockdown observed with the various target 
sequences. This was to be expected and could be due to any number of reasons, although it is 
important to note that these preliminary screenings were only performed once due to 
constraints of time and, as such, may not provide a reliable estimation of the degree of gene 
knockdown achieved with each individual shRNA construct. Several factors are known to 
have a significant impact on the efficacy of these molecules. For example, a high GC content 
is a strong negative determinant of shRNA activity (Reynolds et al. 2004, Li et al. 2007). As a 
result, we selected target sequences with a low GC content of 30-55 %. However, there are 
reports of functionally active siRNAs containing a higher overall GC content (Bertrand et al. 
2002). The location of the target sequence within the gene is equally important. Current 
guidelines suggest avoiding known RNA-binding sites. These sites are typically located 
within the 3’ UTR and 5’ UTR regions and may impair access for the processed siRNA 
molecules and/or RISC complex to the target sequence, thus reducing siRNA activity. As 
some of our target sequences for PTTG and PBF were targeted against the 3’ UTR and 5’ 
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UTR, this may also explain some of the observed differences in shRNA efficacy. Even with 
these strict parameters, shRNA molecules may face difficulties in accessing the target 
sequence due to secondary structure formation. Furthermore, cell types will express the 
shRNAs to differing extents and will also differ in their ability to process them into smaller 
functional siRNAs. All of these factors will invariably have an impact on the extent of target 
gene knockdown. 
     Although PTTG gene expression was reduced sufficiently for use in downstream 
applications, knockdown of PBF gene expression by all shRNA target sequences and using 
the current RNAi expression system was poor. Super-infection of cells with more than one of 
the shRNA target sequences might have been a suitable solution. However, it would have also 
increased the number of integration events due to transduction of multiple viral vectors, thus 
increasing the likelihood of potential adverse and off-target effects. An alternative approach 
could have been to construct a single lentiviral expression vector containing multiple shRNA 
sequences targeting different sites within the target mRNA. This may have maximised the 
efficiency of gene silencing without the additional integration events and toxicity associated 
with super-infection. Indeed, several reports have successfully demonstrated that RNAi 
pooling has a synergistic effect in repressing target gene expression (Song et al. 2008, 
Mcintyre et al. 2011, Wang et al. 2013).  
     A novel genomic editing tool to have emerged in recent years is the clustered regularly 
interspaced palindromic repeat/Cas9 (CRISPR-Cas9) system, which provides bacteria with an 
intracellular defence mechanism against exogenous DNA (Makarova et al. 2006). In bacteria, 
a small fragment of the invading DNA is inserted into the CRISPR region of its own genome. 
These inserts are then transcribed and processed to generate target-specific RNA transcripts 
termed CRISPR RNA (crRNA). The crRNAs then hybridise with endogenous target-
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independent transactivating RNA transcripts (tracrRNA) and together form a complex with 
the CRISPR-associated protein Cas9. Cas9, a DNA endonuclease, is then guided by the 
crRNA to the exogenous DNA target sequence, thereby allowing Cas9 to introduce a double 
strand break (Deltcheva et al. 2011, Jinek et al. 2012). 
     Researchers have exploited CRISPR-Cas9 technology to effectively edit the genomes of a 
wide range of cell types and organisms (Jinek et al. 2013, Mali et al. 2013). Using this 
approach, it would have been possible to introduce site-specific mutations to either induce or 
repress PTTG and PBF gene expression, simultaneously, in our HNSCC cell lines. 
Unfortunately, due to constraints of time, it was not possible to establish the CRISPR-Cas9 
technique or to re-configure the existing lentiviral expression vectors to enable insertion of 
more than one shRNA target sequence. We decided instead to purchase SMARTchoice pre-
designed, transduction-ready lentiviral particles expressing three validated PBF target 
sequences.    As the SMARTchoice lentiviral vectors could be tailored to contain one of seven 
constitutively active gene promoters, we assessed the level of activity for each available 
promoter in our HNSCC cell lines.  
     Although there is no known tissue-specific promoter, certain promoters are thought to be 
highly active in HNSCC cells. Separate studies have identified promoters derived from the 
mouse mammary tumor virus (MMTV) (Gibson et al. 2000) and papilloma viruses (Chen et 
al. 1997) as strong promoters in oral cancer cells. However, few publications have 
systematically examined promoter performance in HNSCC cell lines. Shillitoe et al. compared 
reporter gene expression from a set of eight gene promoters, including the human 
cytomegalovirus (hCMV), Simian virus 40 (SV40), mouse mammary tumor virus (MMTV), 
HPV-16 and HPV-18 viruses in a panel of oral cancer cell lines (Shillitoe, Noonan 2000). 
Reporter gene expression was revealed to be greatest in cells transfected with the plasmid 
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containing the hCMV promoter (Shillitoe, Noonan 2000). When we evaluated tGFP reporter 
gene expression from the available gene promoters in our HNSCC cell lines, we found that 
there was significant variability in promoter activity; however, both cell lines displayed a 
similar preference for the hCMV promoter. Based on these data, and the previous findings by 
Shillitoe et al., we designed our PBF shRNA lentiviral constructs to contain the hCMV 
promoter and using these tailored lentiviral particles we achieved sufficient knockdown of 
PBF gene expression in our cell lines. 
 
5.4.2 Profiling of lentiviral stably transduced cell lines 
5.4.2.1 Cell proliferation 
     Having established clonal cell lines stably expressing PTTG and PBF shRNAs, we next 
sought to determine the impact of PTTG and PBF gene knockdown on HNSCC cell 
proliferation. Although PTTG expression has been implicated in the control of cellular 
proliferation, its exact role remains somewhat contradictory. Pei et al. initially discovered that 
overexpression of rat PTTG significantly repressed mouse fibroblast NIH3T3 cell 
proliferation (Pei, Melmed 1997). Furthermore, placental JEG-3 cells were shown to undergo 
cell cycle arrest and subsequent apoptosis as a result of overexpressed PTTG (Yu et al. 
2000b). On the other hand, the pro-proliferative oncogene, c-myc, was identified as a 
downstream target of PTTG (Pei 2001). In cervical HeLa cells, overexpression of PTTG not 
only resulted in elevated expression of c-myc, but also induced rapid cell proliferation (Pei 
2001). In addition, recent studies have shown that suppression of PTTG expression by siRNA 
inhibits proliferation of cutaneous squamous cell carcinoma, endometrial and ovarian cancer 
cell lines (Xia et al. 2013, Wang et al. 2015, Zhang et al. 2016). These discrepancies have 
been proposed to reflect variation between different cell types, differing levels of PTTG 
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overexpression and changes in its phosphorylation status (Boelaert et al. 2003b, Boelaert et al. 
2004). 
     In our hands, transduction with the lentiviral particles alone did not appear to affect 92-
VU-040T or 93-VU-147T cell proliferation, as demonstrated by comparison of cellular 
proliferation in the parental, non-transduced cell lines to those transduced with the Scr shRNA 
construct. However, silencing of PTTG expression resulted in a significant increase in the rate 
of 92-VU-040T and 93-VU-147T cell proliferation. PTTG’s role in preventing premature 
sister chromatid separation by separase is well documented and both up-regulation and down-
regulation of PTTG expression result in altered cell division and genetic instability (Yu et al. 
2000a, Wang et al. 2001). PTTG depletion may therefore give way to increased separase 
activity, resulting in abnormal exchange of sister chromatids and chromosomal instability. 
This could in turn result in altered expression of genes involved in regulating cell proliferation 
and growth, such as c-myc and PTEN. Whilst these genetic alterations would not have 
occurred during the 48-hour duration of the assay, they could have accumulated in the months 
prior to performing the assay, when the cells were under selection. 
     Involvement of PBF in cellular proliferation has been less extensively investigated. We 
found that depletion of PBF gene expression led to a marked reduction in the rate of cell 
proliferation in both HNSCC cell lines. This is in accordance with previous findings, which 
have demonstrated PBF overexpression induces thyroid and breast cancer cell turnover 
(Watkins et al. 2010, Read et al. 2011). Altered PBF expression has also been implicated in 
liver cancer cell proliferation (Li et al. 2013). In a panel of three hepatocellular carcinoma cell 
lines, upregulation of PBF led to rapid cell proliferation, whereas, PBF knockdown was found 
to strongly inhibit proliferation (Li et al. 2013). Although the mechanisms by which PBF 
regulate cell turnover have not been fully defined, PBF-mediated thyroid cell proliferation is 
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thought to be associated with enhanced Akt signalling (Read et al. 2011). Although HNSCC 
is a genetically diverse malignancy, the PI3K-Akt pathway represents a key mitogenic 
signalling pathway, which is consistently dysregulated (Vander Broek et al. 2015). It has been 
proposed that up to one third of all HNSCC tumours harbour PI3K-Akt pathway mutations 
(Lui et al. 2013). It is therefore possible that PBF may be acting via Akt signalling in our 
HNSCC cell lines too. Furthermore, as depletion of PTTG caused an increase in HNSCC cell 
proliferation, the observed decrease in cell turnover upon knockdown of PBF gene expression 
is unlikely an indirect result of reduced nuclear shuttling of PTTG. 
5.4.2.2 Gene expression profiling  
      Previous research conducted by our group has shown that PTTG is able to induce the 
expression of PBF mRNA in the thyroid (Stratford et al. 2005). This prompted us to 
investigate whether PTTG and PBF gene knockdown would have an effect on the mRNA 
expression of each other in our HNSCC cells. Interestingly, knockdown of PTTG mRNA 
expression had no significant effect on PBF mRNA expression in both cell lines. These 
disparate findings may be attributable to the different cell types employed. In addition, the 
effects of PTTG function on PBF mRNA expression may be dependent on the degree of 
PTTG expression within the cell. Further experiments in our HNSCC cell lines with varying 
levels of PTTG knockdown and overexpression will help to clarify this. On the other hand, 
knockdown of PBF led to a significant increase in PTTG mRNA levels in 92-VU-040T cells 
but not in 93-VU-147T cells. This was an unexpected finding considering Stratford et al. 
demonstrated no change in PTTG mRNA expression following stable overexpression of PBF 
in NIH3T3 cells (Stratford et al. 2005). However, as mentioned previously, this may be a 
result of the different cell types used. 
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     Next we sought to determine expression of the cell cycle regulatory genes, TP53 and Rb, 
as well as their downstream targets, CDKN1A and CDKN2A. There were no obvious changes 
in expression of any of these genes in both HNSCC cell lines. This was perhaps to be 
expected, as it is usually the protein products of the TP53 and Rb genes that are targeted by 
posttranslational modification. However, due to constraints of time, I was unable to assess 
protein expression. 
     Given that cell proliferation was significantly altered following PTTG and PBF depletion, 
we also examined expression of the important apoptotic regulators BAX and BCL-2. Previous 
work performed by our group has demonstrated no observable difference in BAX 
mRNA/protein expression following overexpression of PBF in thyroid TPC-1 and colorectal 
HCT116 cells (Read et al. 2014, Read et al. 2016b). Accordingly, we observed no change in 
BAX mRNA expression in either of our cell lines following knockdown of PBF. One study 
has shown that BAX mRNA expression is induced by PTTG (Hamid, Kakar 2004). In 
contrast, we found that BAX mRNA expression remained unaltered after silencing of PTTG 
gene expression in both HNSCC cell lines. We have also shown previously that PBF 
expression has no impact on BCL-2 mRNA/protein expression in TPC-1 and HCT116 cells, 
whereas PTTG is reported to induce BCL-2 expression in the pituitary glands of pttg-/- mice 
(Chesnokova et al. 2007). In contrast, we observed a significant decrease in BCL-2 mRNA 
expression in PBF knockdown HNSCC cells. However, PTTG knockdown led to a significant 
increase in BCL-2 mRNA expression in both HNSCC cell lines. These significant differences 
in BCL-2 expression suggest the changes in cell turnover described above may be associated 
with altered apoptosis. However, further caspase 3/7 apoptosis assays would need to be 
performed to determine if this is the case. Although beyond the scope of this body of work, it 
will also be important to characterise the expression profiles of other oncogenes, as it is 
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entirely plausible that the shRNAs could be inducing PTTG/PBF gene silencing via off-target 
effects. 
 
5.4.3 Concluding Statements 
     The data presented in this chapter demonstrate that gene-specific shRNAs delivered by 
lentiviral vector are capable of rapidly and efficiently silencing PTTG and PBF gene 
expression in hard-to-transfect HNSCC cell lines. The data also indicate that gene knockdown 
is maintained over an extended period of time, without any adverse or toxic effects on the 
cells. Further characterisation of our stable PTTG and PBF knockdown cell lines revealed 
significant alterations in cellular proliferation, which may be associated with changes in 
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6.1 Introduction 
      HNSCC poses a significant health burden, with the global number of new cases estimated 
to be in excess of 687,000 per annum and steadily rising (Torre et al. 2015, Ferlay et al. 
2015). Although recent progress has been made with regards to improving the quality of life 
of patients with this disease, the high mortality rate has remained essentially unchanged 
(Leemans et al. 2011). A better understanding of the molecular mechanisms and key effectors 
involved in HNSCC tumour initiation and progression is therefore needed to enable 
development of more effective treatments to improve long-term patient survival. 
     Inactivation of the tumour suppressor p53 remains a crucial event in the initiation and 
progression of almost all human cancer types. The p53 protein is known to be involved in a 
diverse array of cellular processes and loss of function has been associated with genomic 
instability, desensitisation to apoptotic signals and enhanced cell migration and invasion 
(Zhou et al. 2016). A large body of next-generation genomic sequencing studies have 
demonstrated that mutations in the TP53 gene represents one of the most common genetic 
alterations in head and neck cancer, occurring in 50-80 % of all cases (Agrawal et al. 2011, 
Stransky et al. 2011). Typically, mutations in the gene occur early on and the frequency 
increases with progression of HNSCC (Boyle et al. 1993). Disruption of p53 function in the 
remaining HNSCC tumours harbouring wild-type p53 may be achieved by other mechanisms, 
such as HPV infection. In such cases, the p53 protein is targeted by the HPV oncogene, E6, 
which functionally inactivates p53 by triggering its ubiquitination and subsequent 
proteasomal degradation (Scheffner et al. 1990, Scheffner et al. 1993). Whilst the mechanisms 
responsible for viral oncogene-mediated disruption of p53 function are well characterised, far 
less is known about regulation of p53 expression and activity by cellular oncogenes 
frequently overexpressed in HNSCC. 
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     A functional interaction between the proto-oncogene PTTG and p53 has previously been 
described, although the exact nature of their relationship remains unclear. Overexpression of 
PTTG in p53-deficient MG-63 osteosarcoma cells and p53 wild-type MCF-7 breast cancer 
cells led to cell cycle arrest and apoptosis, suggesting PTTG could induce apoptosis in a p53-
dependent and p53-independent manner (Yu et al. 2000a). In addition, PTTG induced 
significant aneuploidy in MG-63 cells but not MCF-7 cells, further suggesting that PTTG-
induced aneuploidy could be blocked by wild-type p53 (Yu et al. 2000a). Hamid et al. further 
demonstrated that PTTG could upregulate p53 expression, both at the transcriptional and 
translational levels via induction of c-myc expression (Hamid, Kakar 2004). Furthermore, p53 
induction was associated with increased expression of the p53 target gene BAX, thus 
demonstrating that PTTG could induce the transactivation function of p53 (Hamid, Kakar 
2004).  
     Subsequent studies demonstrated that PTTG could directly interact with p53 in vitro 
(Bernal et al. 2002). However, in contrast with the initial findings, this interaction was shown 
to inhibit p53 binding to DNA and, as such, repressed p53 transcriptional activity and p53-
mediated apoptosis (Bernal et al. 2002). Similarly, PTTG expression has been reported to 
reduce p53-mediated transcription of PTTG-targeting microRNAs (miRNA) in pituitary 
tumours, primarily through a dose-dependent decrease in p53 protein levels (Liang et al. 
2015). These data also indicated the existence of a regulatory feedback loop between PTTG 
and p53 via modulation of p53-mediated PTTG-targeting miRNA transcription (Liang et al. 
2015). However, the intimate relationship between PTTG and p53 is further complicated by 
the fact that PTTG itself is a direct transcriptional target of p53 (Zhou et al. 2003a). 
Doxorubicin and bleomycin induction of DNA damage resulted in suppression of PTTG 
expression in HCT116 cells harbouring wild-type p53 but not in U2OS cells, which are 
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devoid of p53, thus suggesting that p53 can act upstream of PTTG and inhibit its expression 
following DNA damage (Zhou et al. 2003a). 
     Recent research has also suggested a functional interaction exists between PBF and p53 in 
thyroid and colorectal cancer (Read et al. 2014, Read et al. 2016a, Read et al. 2016b). 
Through a series of GST pull-down and co-immunoprecipitation assays, it was demonstrated 
that PBF could directly interact with p53 in colorectal cancer HCT116 and papillary thyroid 
cancer K1 and TPC-1 cell lines (Read et al. 2014, Read et al. 2016b). Interestingly, this 
interaction was further increased following irradiation treatment of K1 and TPC-1 cells (Read 
et al. 2014). Subsequent half-life assays using anisomycin, which blocks de-novo protein 
synthesis, showed that overexpression of PBF led to a significant increase in turnover of p53 
protein levels in all three colorectal and thyroid cancer cell lines (Read et al. 2014, Read et al. 
2016b). Additional assays performed in PBF-transfected cells following treatment with the 
proteasome inhibitor MG132 demonstrated the presence of several higher molecular weight 
p53 conjugates in HCT116 and TPC-1 cell lysates, thus suggesting accumulation of 
ubiquitinated p53 (Read et al. 2014, Read et al. 2016b). Further investigations into this 
interaction, through transient reporter assays using H1299 cells, which are devoid of p53, 
revealed that PBF was capable of repressing p53-mediated HDM2 and p21 promoter activity 
and was also able to alter the sensitivity of thyroid cells to irradiation in a p53-dependent 
manner (Read et al. 2014, Read et al. 2016b). Additional irradiation experiments using PBF 
transgenic (PBF-Tg) mouse primary thyroctyes revealed significant dysregulation of p53-
responsive DNA repair gene expression, which was associated with a significant increase in 
genomic instability (Read et al. 2014). 
     Given that both PTTG and PBF are known to functionally interact with p53 and disrupt 
p53 protein stability and activity in a number of cancer types, we assessed their potential 
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interactions in the setting of head and neck cancer. Furthermore, given the close relationship 
between PTTG and PBF, we performed co-immunoprecipitation assays in the presence of 
reduced PTTG or PBF expression and half-life assays using mutant forms of PTTG and PBF, 
which are unable to interact with one another, to determine the relative influence of PTTG 
and PBF on p53 binding and protein stability. Additional studies were conducted to determine 
the consequences of these interactions on p53 transcriptional activity, both in the prescence 
and absence of ionising radiation by quantitative real-time PCR. 
 
6.2 Methods 
6.2.1 Cell lines and plasmid transfections 
     92-VU-040T and 93-VU-147T cells were maintained in complete DMEM as described in 
section 2.1. For experiments involving ionising radiation, 92-VU-040T and 93-VU-147T cells 
were seeded in 35 mm x 10 mm (diameter x height) tissue culture dishes at 2.0 x 105 and 2.5 x 
105 cells per dish, respectively. Following a 24-hour incubation period, the cells were exposed 
to specific doses of γ-irradiation using a Caesium-137 γ-emitter. At the time this research was 
conducted the γ-emitter delivered 37 mGy of γ-irradiation per second of exposure. Following 
γ-irradiation treatment, the cells were returned to incubation and harvested 24 hours later. For 
experiments requiring transient overexpression of PTTG and/or PBF, 92-VU-040T and 93-
VU-147T cells were seeded in 6-well tissue culture plates at 2.0 x 105 and 2.5 x 105 cells per 
well, respectively. After 24 hours, the cells were transfected with the relevant expression 
plasmids as described in section 2.2.  
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6.2.2 Co-immunoprecipitation 
     92-VU-040T and 93-VU-147T cells were seeded in 25 cm2 tissue culture flasks at 3.5 x 
105 and 4.0 x 105 cells per flask, respectively. Protein was extracted from cell lysates as 
described in section 2.6.1 and co-immunoprecipitation performed as described in section 2.7 
using an anti-HA antibody (1:150), an anti-p53 antibody (1:100) or an anti-PTTG antibody 
(1:100). No antibody and an IgG isotype antibody were used as negative controls. 
 
6.2.3 p53 half-life assay 
     92-VU-040T and 93-VU-147T cells were seeded in 6-well tissue culture plates at 2.0 x 105 
and 2.5 x 105 cells per well, respectively. Cells were then co-transfected with full-length wild-
type PTTG, full-length wild-type PBF, PTTG BD- (lacking amino acids 123-154 responsible 
for interaction with PBF (Chien, Pei 2000) and PBF M1 (lacking amino acids 149-180 
responsible for interaction with PTTG) as described in section 2.2. Half-life assays were 
performed as described in section 2.8, 24 hours after transient transfection. 
 
6.2.4 Protein extraction, quantification and Western blotting 
     Protein was extracted from cell lysates and quantified as described in section 2.6.1. 
Western blotting was performed as described in section 2.6.2. Antibodies used were anti-
PTTG 1:750, anti-PBF-8 1:500, anti-HA 1:1000, anti-p53 1:500, anti-p16 1:2000, anti-Rb 
1:200, anti-S15-phosphorylated p53 1:1000, anti-γH2AX 1:1000 and anti-β actin 1:15,000. 
 
6.2.5 RNA extraction, quantification and quantitative real-time PCR 
     Total RNA was harvested, quantified and reverse transcribed as described in sections 2.3 
and 2.4. Quantitative real-time PCR was conducted as previously described in section 2.5. 
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The following Taqman gene-specific expression assays were used: PBF (Hs01036322_m1), 
PTTG (Hs00851754_u1), TP53 (Hs01034249_m1), RB (Hs01078066_m1), CDKN1A 
(Hs00355782_m1), CDKN2A (Hs99999189_m1), BAX (Hs00180269_m1), BCL-2 
(Hs00248075_m1), CHEK1 (Hs00967506_m1), RAD51 (Hs00947967_m1) and BRCA1 
(Hs01556193_m1). 
 
6.2.6 BrdU cell proliferaton assay 
     The rate of cell proliferation in stably transduced γ-irradiated 92-VU-040T and 93-VU-
147T cells was assessed as outlined in section 2.9. Cells were seeded at 4 x103 cells per well 
in 96-well plates and incubated for 24 hours before conducting the assay. The absorbance at 
405 nm was measured using the Victor3 1420 Multilabel Counter [PerkinElmer]. 
 
6.2.7 Statistical analysis 
     Statistical analysis was performed as outlined in section 2.12. 
 
6.3 Results 
6.3.1 PTTG interacts with p53 in vitro 
     To examine whether PTTG interacts with p53 in vitro, total cellular protein was extracted 
from 92-VU-040T and 93-VU-147T cells transiently transfected with PTTG-HA and the 
protein lysates subjected to co-immunoprecipitation assay. Co-immunoprecipitation of PTTG-
HA with an anti-p53 antibody was observed in 92-VU-040T and 93-VU-147T cells (Figure 
6.1). No interaction was observed in VO and no antibody control lanes, suggesting a specific 
interaction between PTTG and p53 in vitro (Figure 6.1). Reciprocal co-immunoprecipitation, 
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in which p53 protein was immunoprecipitated with an anti-HA antibody, also demonstrated 














Figure 6.1 PTTG binds p53 in vitro as demonstrated by co-immunoprecipitation assay. A – 
Western blot demonstrating co-immunoprecipitation of PTTG-HA in 92-VU-040T and 93-VU-
147T cells following transfection with VO or PTTG-HA and immunoprecipitation with an 
anti-p53 antibody (n=3). B – Western blot demonstrating reciprocal co-immunoprecipitation 
of p53 in 92-VU-040T and 93-VU-147T cells following transfection with PTTG-HA and 
immunoprecipitation with an anti-HA antibody (n=3). Analysis of total protein lysates shows 
the presence of PTTG-HA and p53 protein in each sample. No Ab = no antibody control, ISO 
= IgG isotype control. 
 
6.3.2 PBF interacts with p53 in vitro 
     Having established that PTTG binds to p53 in vitro, co-immunoprecipitation assays were 
employed to determine whether PBF also interacts with p53 in our HNSCC cell lines. 92-VU-
040T and 93-VU-147T cells were transiently transfected with PBF-HA and 
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immunoprecipitated with an anti-p53 antibody. Subsequent immunoblotting with an anti-HA 
antibody revealed an interaction between PBF-HA and p53 in both cell lines (Figure 6.2A, 
n=3). Co-immunoprecipitation using protein lysates extracted from cells transfected with VO 
demonstrated no protein band, as did the no antibody control samples, thus suggesting a 
specific interaction between PBF and p53 (Figure 6.2A). Reciprocal co-immunoprecipitation 
was performed using an anti-HA antibody for immunoprecipitation of transfected PBF-HA 
and subsequent immunoblotting for p53, which demonstrated co-immunoprecipitation of p53 
with PBF-HA in both cell lines (Figure 6.2B, n=3). An interaction between PBF and p53 was 
















Chapter 6 Investigating the interaction between PTTG, PBF and p53 in head and neck cancer cells 
 













Figure 6.2 PBF binds p53 in vitro as demonstrated by co-immunoprecipitation assay. A – 
Western blot demonstrating co-immunoprecipitation of PBF-HA in 92-VU-040T and 93-VU-
147T cells following transfection with VO or PBF-HA and immunoprecipitation with an anti-
p53 antibody (n=3). B – Western blot demonstrating reciprocal co-immunoprecipitation of 
p53 in 92-VU-040T and 93-VU-147T cells following transfection with PBF-HA and 
immunoprecipitation with an anti-HA antibody (n=3). Analysis of total protein lysates shows 
the presence of PBF-HA and p53 protein in each sample. No Ab = no antibody control, ISO = 
IgG isotype control. 
 
6.3.3 PTTG and PBF gene silencing alters the stringency of p53 binding 
     Given both PBF and PTTG independently bind p53 in vitro, we next investigated whether 
PBF can bind to p53 in the presence of significantly reduced PTTG expression in 92-VU-
040T and 93-VU-147T cells, and whether PTTG can bind to p53 in the presence of reduced 
PBF expression. To this end, 92-VU-040T and 93-VU-147T cells stably transduced to express 
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gene-specific shRNAs targeting PTTG or PBF were transiently transfected with PBF-HA or 
PTTG, respectively and further co-immunoprecipitation assays conducted. 
     Following transfection of stable PTTG shRNA expressing 92-VU-040T and 93-VU-147T 
cells with PBF-HA, total protein lysates were harvested and immunoprecipitated with an anti-
HA antibody. Subsequent immunoblotting with an anti-p53 antibody demonstrated that PBF 
was still capable of directly interacting with p53 in the near absence of PTTG in both cell 
lines (Figure 6.3). Furthermore, PBF appeared to bind to p53 which greater affinity, with 
PTTG-depleted 92-VU-040T cells displaying a 4-fold greater level of intensity than Scr 
shRNA-transduced cells when corrected for β-actin expression (Figure 6.3A; 4.0 ± 0.61-fold, 
p=0.005, n=3). PTTG-depleted 93-VU-147T cells displayed a similar 3.6-fold increase in p53 
band intensity when compared with Scr shRNA control cells and corrected for β-actin 
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Figure 6.3 Co-immunoprecipitation of p53 with PBF is enhanced in the absence of PTTG as 
demonstrated by co-immunoprecipitation assay. A – Western blot demonstrating co-
immunoprecipitation of PBF-HA in stable Scr shRNA- or PTTG shRNA-expressing 92-VU-
040T or 93-VU-147T cells co-transfected with PBF-HA and subsequently immunoprecipitated 
with an anti-p53 antibody (n=3). B – Scanning densitometry revealed that in the absence of 
PTTG, more p53 co-immunoprecipitated with PBF-HA (n=3). Data presented as mean ± 
SEM. ** p ≤0.01, *** p ≤0.001. ISO = IgG isotype control. 
 
     Transient transfection of PBF shRNA expressing 92-VU-040T and 93-VU-147T cells with 
PTTG, followed by immunoprecipitation with an anti-PTTG antibody and immunoblotting 
with an anti-p53 antibody demonstrated that PTTG was still able to bind to p53 in the absence 
of PBF (Figure 6.4). However, the stringency of the interaction was significantly reduced in 
PBF-depleted 92-VU-040T (A; 0.25 ± 0.06-fold, p=0.0001, n=3) and 93-VU-147T (Figure 
6.4B; 0.67 ± 0.13-fold, p=0.037, n=3) cells when compared to Scr shRNA-transduced cells 
and corrected for β-actin expression. 
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Figure 6.4 Co-immunoprecipitation of p53 with PTTG is reduced in the absence of PBF as 
demonstrated by co-immunoprecipitation assay. A – Western blot demonstrating co-
immunoprecipitation of PTTG in stable Scr shRNA- or PBF shRNA-expressing 92-VU-040T 
or 93-VU-147T cells co-transfected with PTTG and subsequently immunoprecipitated with an 
anti-p53 antibody (n=3). B – Scanning densitometry revealed that in the absence of PBF, less 
p53 co-immunoprecipitated with PTTG (n=3). Data presented as mean ± SEM. * p ≤0.05, 
*** p ≤0.001. ISO = IgG isotype control. 
 
6.3.4 PTTG and PBF cooperate to reduce p53 protein stability 
     To further investigate the relationship between PBF, PTTG and p53 in HNSCC cells, the 
impact of individual and combined overexpression of PBF and PTTG on intracellular p53 
protein stability was ascertained through half-life studies using anisomycin to inhibit de novo 
protein synthesis. As shown in Figure 6.5 and Figure 6.6, p53 protein was detectable across 
the time-course in VO-transfected 92-VU-040T and 93-VU-147T cells and decreased at 60 
minutes, but remained fairly stable at each of the remaining time points. However, PBF 
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overexpression significantly increased turnover of p53 protein in 92-VU-040T (Figure 6.5; 
0.16 ± 0.04, p=0.001, n=3) and 93-VU-147T (Figure 6.6; 0.16 ± 0.03, p=0.005, n=3) cells by 
~6-fold when compared with VO-transfected cells after 120 minutes. Likewise, PTTG 
overexpression resulted in a significant increase in turnover of p53 protein in 92-VU-040T 
cells (Figure 6.5; 0.18 ± 0.06, p=0.002, n=3), with a ~5.5-fold reduction in the levels of p53 
protein at 120 minutes when compared with VO controls. A non-significant ~3-fold reduction 
in p53 protein levels was also observed in 93-VU-147T cells after 120 minutes following 
transfection with PTTG (Figure 6.6; 0.29 ± 0.04, p=ns, n=3). Interestingly, co-transfection of 
PBF and PTTG in 92-VU-040T and 93-VU-147T cells resulted in a more pronounced 
reduction in p53 protein stability than that observed in PBF- or PTTG-transfected cells alone. 
Co-expression led to a ~13-fold decrease in p53 protein levels in 92-VU-040T (Figure 
6.5;0.08 ± 0.05, p=0.0008, n=3) cells and a ~12-fold decrease in p53 protein levels in 93-VU-
040T (Figure 6.6; 0.04 ± 0.08, p=0.005, n=3) cells compared with VO controls after 120 
minutes. 
     To determine the relative influence of PBF and PTTG on p53 stability, additional half-life 
studies were performed using mutant forms of PBF (PBF M1) and PTTG (PTTG BD-), which 
are unable to interact with one another. In 92-VU-040T (0.38 ± 0.11, p=ns, n=3) and 93-VU-
147T (0.41 ± 0.15, p=ns, n=3) cells, co-transfection with PBF M1 and wild-type PTTG led to 
greater p53 protein stability after 120 minutes, when compared with cells overexpressing 
PBF, PTTG or PBF + PTTG. In contrast, a marked reduction in p53 protein stability was 
observed following co-transfection with wild-type PBF and PTTG BD- after 120 minutes in 
92-VU-040T (Figure 6.5; ~4-fold, 0.23 ± 0.06, p=0.004, n=3) and 93-VU-147T (Figure 6.6; 
~6-fold, 0.17 ± 0.01, p=0.005, n=3) cells. Interestingly, when 92-VU-040T (0.62 ± 0.14, 
p=ns, n=3) and 93-VU-147T (0.48 ± 0.09, p=ns, n=3) cells were transfected with both PBF 
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M1 and PTTG BD- mutants, p53 protein stability was restored to similar levels to those 
observed in VO-transfected cells after 120 minutes (Figure 6.5 and Figure 6.6). Taken 
together, these data suggest that PBF and PTTG cooperate together to disrupt p53 protein 
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Figure 6.5 PTTG and PBF cooperate together to disrupt p53 protein stability in 92-VU-040T 
cells. A – Representative Western blot analysis demonstrating the effects of PTTG and PBF 
expression on p53 protein stability in 92-VU-040T cells co-transfected with PBF, PTTG, PBF 
M1 and PTTG BD-. p53 protein turnover was assessed by anisomycin half-life assays across 
a 120-minute time-course (n=3). Exogenous PBF was detected using an anti-HA antibody. B 
– Scanning densitometry quantification of β-actin corrected p53 protein levels for each 
indicated time-point and transfection condition (n=3). Data presented as mean ± SEM. ** p 
≤0.01, *** p ≤0.001. 
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Figure 6.6 PTTG and PBF cooperate together to disrupt p53 protein stability in 93-VU-147T 
cells. A – Representative Western blot analysis demonstrating the effects of PTTG and PBF 
expression on p53 protein stability in 93-VU-147T cells co-transfected with PBF, PTTG, PBF 
M1 and PTTG BD-. p53 protein turnover was assessed by anisomycin half-life assays across 
a 120-minute time-course (n=3). Exogenous PBF was detected using an anti-HA antibody. B 
– Scanning densitometry quantification of β-actin corrected p53 protein levels for each 
indicated time-point and transfection condition (n=3). Data presented as mean ± SEM. ns = 
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6.3.5 γ-irradiation: establishing an optimal dose 
     Intracellular p53 protein is normally maintained at low levels but becomes rapidly 
stabilised following irradiation-induced DNA damage, thus allowing p53 protein to 
accumulate within the cell (Kastan et al. 1991). In order to further examine whether PBF and 
PTTG depletion in HNSCC cells results in dysregulation of p53-responsive genes, non-
transduced parental and stably transduced 92-VU-040T and 93-VU-147T cells expressing 
PBF shRNA or PTTG shRNA were exposed to a range (0-30 Gy) of doses of γ-irradiation and 
total protein harvested 24 hours post-treatment to assess the p53 response to irradiation-
induced DNA damage. 
     Inherent p53 protein expression levels differed markedly between the various transduced 
92-VU-040T and 93-VU-147T cell lines, making it difficult to decide on a suitable γ-
irradiation dose based solely on total p53 protein levels. In parental and Scr shRNA or PTTG 
shRNA-transduced 92-VU-040T cell lines, total p53 protein levels remained fairly stable 
across the range of γ-irradiation doses (Figure 6.7A). In contrast, PBF shRNA-transduced 
cells demonstrated maximal p53 protein expression at a dose of 5 Gy, when compared to non-
irradiated control cells (Figure 6.7A). At the highest dose of 30 Gy, p53 protein expression 
was visibly reduced compared to non-irradiated control cells (Figure 6.7A). However, it is 
important to note that treatment with 30 Gy of γ-irradiation was associated with significant 
cellular toxicity in all 92-VU-040T and 93-VU-147T cell lines analysed, which was not 
present at lower doses of γ-irradiation (data not shown). Specific phosphorylation of p53 at 
residue serine-15 (S15) is an important hallmark of p53 activity and its expression was also 
assessed in these cell lines. Significant induction of p53 S15-phosphorylation was observed 
following γ-irradiation in all cell lines, with maximal expression in parental, Scr shRNA- and 
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PTTG shRNA-transduced 92-VU-040T cells at a dose of 15 Gy. Conversely, PBF shRNA-
transduced cells demonstrated maximal expression of p53-S15 at 5 Gy (Figure 6.7A).  
     When cells are subjected to ionising radiation, double-strand breaks (DSB) are generated, 
which result in rapid phosphorylation of the histone H2A molecule H2AX at residue serine-
139 (γH2AX) (Sharma et al. 2012). This phosphorylation step forms the initial step of the 
DNA damage response and enables the recruitment of DNA repair proteins to sites of DNA 
damage (Sharma et al. 2012). γH2AX therefore represents an important marker of DNA 
damage and its expression was examined following γ-irradiation. 92-VU-040T cell lines 
demonstrated a dose-dependent increase in γH2AX protein expression following γ-irradiation, 
suggesting a robust γH2AX response to DNA damage (Figure 6.7A). Closer examination 
showed that levels of γH2AX peaked after treatment with doses of 15 and 30 Gy. 
Interestingly, PBF and PTTG protein expression levels were also elevated after treatment with 
γ-irradiation at the lower doses of 5 and 15 Gy in PBF shRNA-transduced cells and Scr 
shRNA- or PTTG shRNA-transduced cells, respectively (Figure 6.7A).  
     Similar results were also obtained following treatment of 93-VU-147T cells with the same 
range of doses of ionising radiation (Figure 6.7B). However, alterations in total p53 protein 
expression were more pronounced when compared with 92-VU-040T cells. Maximal p53 
protein expression was observed following treatment with 15 Gy of γ-irradiation in all 93-
VU-147T cell lines, with the exception of those transduced with PBF shRNA, in which, total 
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Figure 6.7 Induction of DNA damage response pathways following treatment of 92-VU-040T 
and 93-VU-147T cell lines with a range of doses of ionising radiation. A – Western blot 
analysis of p53 and γ-H2AX protein expression following treatment with 0-30 Gy of γ-
irradiation in non-transduced parental 92-VU-040T cells and those stably transduced to 
express Scr shRNA, PTTG shRNA or PBF shRNA (n=2). B - Western blot analysis of p53 and 
γ-H2AX protein expression following treatment with 0-30 Gy of γ-irradiation in non-
transduced parental 93-VU-147T cells and those stably transduced to express Scr shRNA, 
PTTG shRNA or PBF shRNA (n=2). 
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     These initial experiments demonstrated that stably transduced 92-VU-040T and 93-VU-
147T cells induce a robust DNA damage response to ionising radiation, which is similar to 
that observed in the non-transduced parental cell lines. The greatest responses, as measured by 
induction of expression and specific phosphorylation of p53 and γH2AX proteins, were 
observed in the majority of cell lines at a treatment dose of 15 Gy, with the exception of PBF 
shRNA-transduced 92-VU-040T and 93-VU-147T cell lines. 92-VU-040T cells expressing 
PBF shRNA showed peak expression of total and S15-phosphorylated p53 protein at 5 Gy, 
whereas maximal expression of γH2AX was observed at 30 Gy. In PBF shRNA expressing 
93-VU-147T cells, total p53 protein expression levels also peaked at 5 Gy, whereas S15-
phosphorylated p53 and γH2AX protein levels were at their highest following 30 Gy of γ-
irradiation. As treatment with 30 Gy resulted in profound cytotoxicity and Scr shRNA control 
cell lines displayed an inadequate p53 and γH2AX response at 5 Gy, a dose of 15 Gy was 
chosen for all transduced 92-VU-040T and 93-VU-147T cell lines and was used in 
subsequent experiments requiring ionising radiation. 
     To ensure that the elevated expression and phosphorylation of p53 following treatment 
with 15 Gy of γ-irradiation correlated with increased p53 activity, 92-VU-040T and 93-VU-
147T stable cell lines were treated with 15 Gy of γ-irradiation and total cellular RNA 
extracted 24 hours later. Quantitative real-time PCR was then performed and mRNA 
expression of the p53-responsive gene CDKN1A analysed. As shown in Figure 6.8, 
CDKN1A mRNA expression was upregulated by up to ~4-fold in 92-VU-040T stable cell 
lines and up to ~3-fold in 93-VU-147T stable cell lines after treatment with 15 Gy of γ-
irradiation, when compared with untreated control cells. 
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Figure 6.8 Induction of CDKN1A mRNA expression following treatment of 92-VU-040T and 
93-VU-147T stable cell lines with the optimal dose of 15 Gy of γ-irradiation. A – Induction of 
CDKN1A mRNA expression in 92-VU-040T stable cell lines 24 hours after treatment with 15 
Gy of γ-irradiation (n=2). B – Induction of CDKN1A mRNA expression in 92-VU-040T stable 
cell lines 24 hours after treatment with 15 Gy of γ-irradiation (n=2). Data presented as mean 
fold change in mRNA expression. The number of samples used and the mean ΔCt values ± 
SEM for each group are given in the corresponding columns in the table below each graph. –
IR = untreated, +IR = 15Gy of γ-irradiation. 
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6.3.6 PTTG and PBF gene silencing does not alter the sensitivity of 92-VU-040T and 
93-VU-147T cells to ionising radiation 
     Having determined the optimal p53 response to γ-irradiation in 92-VU-040T and 93-VU-
147T cells stably transduced to express PTTG or PBF shRNA, the influence of PTTG and 
PBF expression on cell survival following treatment with ionising radiation was next 
examined. BrdU assays were performed 24 hours post-treatment. PTTG and PBF depletion 
did not appear to significantly alter the radiation sensitivity of 92-VU-040T and 93-VU-147T 
cells (Figure 6.9 and Figure 6.10). In 92-VU-040T cells expressing Scr shRNA, cell 
proliferation was reduced by approximately 15 % following exposure to γ-irradiation. In 
PTTG shRNA-expressing cells, cell proliferation was reduced by 24 % following treatment 
with γ-irradiation (Figure 6.9A). Similarly, in 93-VU-147T cells transduced with Scr shRNA, 
cell proliferation was reduced by 19 % after γ-irradiation treatment and in PTTG shRNA-
transduced cells, cell proliferation was reduced by 26 % following treatment with γ-irradiation 
(Figure 6.9B). However, the number of proliferating cells was not significantly altered 
following ionising radiation when comparing Scr shRNA-expressing cells with PTTG 
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Figure 6.9 PTTG depletion does not alter the sensitivity of 92-VU-040T and 93-VU-147T 
cells to ionising radiation. A – 92-VU-040T cells stably transduced with either Scr shRNA or 
PTTG shRNA were irradiated with a 15 Gy dose or untreated and cell survival measured 24 
hours post-treatment by BrdU assay (n=3 with 8 replicates). B – 93-VU-147T cells stably 
transduced with either Scr shRNA or PTTG shRNA were irradiated with a 15 Gy dose or 
untreated and cell survival measured 24 hours post-treatment by BrdU assay (n=3 with 8 
replicates). Data presented as mean ± SEM. ns = non-significant, * p ≤0.05, ** p ≤0.01. 
 
     BrdU assays were repeated in PBF knockdown stable cell lines. In 92-VU-040T cells 
expressing Scr shRNA, cell proliferation was reduced by approximately 22 % in response to 
γ-irradiation and PBF depleted cells demonstrated a further reduction in cell proliferation of 
21 % (Figure 6.10A). A similar result was observed in 93-VU-147T stable cell lines, where 
Scr shRNA-transduced cells displayed a 22 % reduction in cell proliferation and PBF shRNA-
transduced cells demonstrated a further decrease in cell proliferation of around 10 % 
following treatment with γ-irradiation (Figure 6.10B). However, the number of proliferating 
cells was not significantly altered following ionising radiation when comparing Scr shRNA-
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Figure 6.10 PBF depletion does not alter the sensitivity of 92-VU-040T and 93-VU-147T cells 
to ionising radiation. A – 92-VU-040T cells stably transduced with either Scr shRNA or PBF 
shRNA were irradiated with a 15 Gy dose or untreated and cell survival measured 24 hours 
post-treatment by BrdU assay (n=3 with 8 replicates). B – 93-VU-147T cells stably 
transduced with either Scr shRNA or PBF shRNA were irradiated with a 15 Gy dose or 
untreated and cell survival measured 24 hours post-treatment by BrdU assay (n=3 with 8 
replicates). Data presented as mean ± SEM.  * p ≤0.05, ** p ≤0.01. 
 
6.3.7 PTTG gene silencing alters the expression of p53-related genes in 92-VU-040T 
and 93-VU-147T cells 
     As PTTG was revealed to interact with and alter p53 protein stability, the functional 
consequences of such an interaction were next investigated. Using the optimal irradiation dose 
established in section 6.3.5 above, stable 92-VU-040T and 93-VU-147T PTTG knockdown 
cells were subjected to γ-irradiation and total cellular proteins harvested 24 hours later. 
Western blotting was then performed to assess the p53 and γH2AX responses to ionising 
radiation. As shown in Figure 6.11, phosphorylation or p53 at residue S15 and H2AX at 
residue S139 (γH2AX) was readily detectable following genotoxic insult in all four cell lines.  
     Further expression profiling revealed irradiation-induced upregulation of PBF protein 
expression in all 92-VU-040T and 93-VU-14T stable cell lines (Figure 6.11). Exposure of 
these cell lines to γ-irradiation also resulted in an increase in the expression of PTTG in all 
four cell lines (Figure 6.11). No changes in total p53 protein expression were observed in 92-
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ionising radiation and p16 protein remained undetectable (Figure 6.11). Total p53 and p16 
protein expression levels were unchanged in 93-VU-147T stably transduced cell lines (Figure 
6.11). However, Rb protein expression was elevated in response to γ-irradiation in both Scr 












Figure 6.11 Western blot analysis of PTTG depleted 92-VU-040T and 93-VU-147T cells 
following treatment with ionising radiation. Representative Western blots showing protein 
expression levels of PBF, PTTG, γ-H2AX, p53, Rb and p16 following treatment with 15 Gy of 
γ-irradiation in 92-VU-040T (left panel) and 93-VU-147T (right panel) cells stably 
transduced to express Scr shRNA and PTTG shRNA (n=3). 
 
     Real-time PCR quantification of PTTG gene expression in the stably transduced 92-VU-
040T and 93-VU-147T cell lines confirmed knockdown of PTTG mRNA expression in PTTG 
shRNA-transduced cell lines when compared with Scr shRNA control cells, both before (92-
VU-040T: 0.06 ± 0.02-fold, p=0.0008; 93-VU-147T: 0.10 ± 0.03-fold, p=0.002; n=3) and 
after treatment (92-VU-040T: 0.13 ± 0.007-fold, p=0.001; 93-VU-147T: 0.19 ± 0.002-fold, 
p=0.002; n=3) with ionising radiation (Figure 6.12A). However, PTTG mRNA expression 
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was significantly induced following exposure of both Scr shRNA- (92-VU-040T: 1.57-fold, 
p=0.020; 93-VU-147T: 1.59-fold, p=0.034; n=3) and PTTG shRNA- (92-VU-040T: 2.10-
fold, p=0.043; 93-VU-147T: 1.84-fold, p=0.019; n=3) expressing cell lines to γ-irradiation 
(Figure 6.12A). In addition, PBF mRNA expression was significantly induced after treatment 
of 92-VU-040T Scr shRNA control (2.07-fold, p=0.028, n=3) and PTTG knockdown cell 
lines (1.46-fold, p=0.003, n=3), as well as 93-VU-147T Scr shRNA control cells (2.02-fold, 
p=0.045, n=3) (Figure 6.12B). Elevated PBF mRNA expression was also noted in 93-VU-
147T PTTG knockdown cells, however this did not reach statistical significance (Figure 
6.12B; 1.61-fold, p=ns, n=3). Taken together, these data show that PTTG and PBF are 
responsive to γ-irradiation in 92-VU-040T and 93-VU-147T HNSCC cell lines and their 
expression can be induced both at the transcriptional and translational level following 
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Figure 6.12 Altered PTTG and PBF mRNA expression following irradiation of 92-VU-040T 
and 93-VU-147T cells stably transduced to express PTTG shRNA. A – Relative PTTG mRNA 
expression levels in 92-VU-040T and 93-VU-147T cells transduced with Scr shRNA or PTTG 
shRNA and then irradiated with a 15 Gy dose (n=3). B – Relative PBF mRNA expression 
levels in 92-VU-040T and 93-VU-147T cells transduced with Scr shRNA or PTTG shRNA and 
then irradiated with a 15 Gy dose (n=3). Data presented as mean ± SEM. –IR = untreated, 
+IR = irradiated, ns = non-significant, * p ≤0.05. 
 
     Additional quantitative real-time PCR reactions were performed to examine whether 
PTTG depletion resulted in dysregulation of p53-related genes. A total of 8 p53-related genes 
were analysed for potential changes in mRNA expression following PTTG knockdown, 
including those involved in cell cycle regulation, apoptosis and DNA repair. As shown in 
Figure 6.13, and in support of the gene profiling data described in Chapter 5, mRNA 
expression of the anti-apoptotic gene BCL-2 was significantly upregulated in response to 
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0.50-fold, p=0.014, n=3) cells (Figure 6.13). Furthermore, genes known to play an important 
role in the maintenance of genomic integrity were also altered, including expression of 
RAD51, which was significantly increased in PTTG shRNA-expressing 93-VU-147T cells 
(2.31 ± 0.29-fold, p=0.016, n=3) but not in PTTG shRNA-expressing 92-VU-040T cells, and 
BRCA1, which was significantly upregulated in response to PTTG depletion in 92-VU-040T 
cells (1.85 ± 0.17-fold, p=0.038, n=3), but not in PTTG shRNA-transduced 93-VU-147T cells 
(1.47 ± 0.26-fold, p=ns, n=3) (Figure 6.13). Expression of the remaining genes (RB, 
CDKN1A, CDKN2A, BAX, CHEK1) remained unaltered following PTTG knockdown in 92-
VU-040T and 93-VU-147T cells (Figure 6.13). Furthermore, PTTG knockdown did not cause 








Figure 6.13 Altered expression of p53-related genes following PTTG depletion in 92-VU-
040T and 93-VU-147T cells. Relative mRNA expression of indicated genes in 92-VU-040T 
and 93-VU-147T cells transduced with PTTG shRNA compared with 92-VU-040T and 93-
VU-147T Scr shRNA-transduced cells, respectively (n=3). Data presented as mean ± SEM. 
ND = not detected, * p ≤0.05, ** p ≤0.01. 
 
     Finally, to further examine the influence of PTTG, quantitative real-time PCR analyses 
were repeated following γ-irradiation of PTTG shRNA depleted and Scr shRNA control 92-
VU-040T and 93-VU-147T cell lines. Two genes were found to be significantly dysregulated 
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Expression of BCL-2 (1.7 ± 0.06, p=0.025, n=3) was significantly induced compared to Scr 
shRNA-transduced control cells following ionising radiation. In contrast, irradiation-induced 
expression of the DNA repair gene BRCA1 was significantly repressed in PTTG shRNA-
transduced 92-VU-040T cells when compared with irradiated Scr shRNA-transduced cells 
(Figure 6.14A; 0.37-fold, p=0.0006, n=3). A non-significant reduction in CDKN1A mRNA 
expression was also observed following depletion of PTTG and subsequent induction of DNA 
damage (Figure 6.14A; 0.79-fold, p=ns, n=3). Exposure of PTTG depleted 93-VU-147T cells 
to γ-irradiation also resulted in significantly altered expression of a number of p53-related 
genes, including BCL-2 (2.57-fold, p=0.002, n=3) and RAD51 (1.21-fold, p=0.048, n=3), 
which were both significantly induced following treatment with γ-irradiation, when compared 
with untreated controls (Figure 6.14B). In addition, CDKN1A (0.63-fold, p=0.038, n=3) 
mRNA expression was significantly repressed, whilst BRCA1 mRNA expression was non-
significantly repressed in these cells after treatment with ionising radiation (Figure 6.14; 
p=0.066, n=3). Taken together, these data imply an ability of PTTG to modulate expression of 
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Figure 6.14 Altered expression of p53-related genes in PTTG depleted 92-VU-040T and 93-
VU-147T cells, following treatment with ionising radiation. A – Relative mRNA expression of 
indicated genes in PTTG shRNA-transduced 92-VU-040T cells compared with non-irradiated 
controls following irradiation with a 15 Gy dose (n=3). B – Relative mRNA expression of 
indicated genes in PTTG shRNA-transduced 93-VU-147T cells compared with non-irradiated 
controls following irradiation with a 15 Gy dose (n=3). Data presented as mean ± SEM. ns = 
non-significant, * p ≤0.05, ** p ≤0.01, *** p ≤0.001. 
 
6.3.8 PBF gene silencing alters the expression of p53-related genes in 92-VU-040T and 
93-VU-147T cells 
     Having also identified that a direct interaction exists between PBF and p53 in vitro and the 
ability of PBF to induce p53 protein turnover, we next sought to characterise the impact of 
PBF depletion on the expression of p53-related genes in the presence and absence of ionising 
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radiation. Importantly, initial Western blot analysis confirmed induction of S15 
phosphorylated p53 protein and γH2AX protein expression after irradiation treatment, thus 
demonstrating a robust DNA damage response in all 92-VU-040T and 93-VU-147T stably 
transduced cell lines (Figure 6.15). Expression of total p53 and total Rb protein remained 
unaltered and p16 protein expression remained undetectable in 92-VU-040T stable cell lines 
(Figure 6.15). In contrast, total Rb expression was upregulated following irradiation treatment 
in both 93-VU-147T Scr shRNA control and PBF knockdown stable cell lines but total p53 
and p16 protein expression remained unaltered (Figure 6.15). Exposure of Scr control and 
PBF depleted 92-VU-040T and 93-VU-147T cell lines to γ-irradiation resulted in induction of 
PBF protein levels (Figure 6.15). Western blotting also revealed significant upregulation of 
PTTG protein levels in irradiated 92-VU-040T stably transduced Scr shRNA and PBF shRNA 
cell lines and also in irradiated 93-VU-147T Scr shRNA-transduced cell lines (Figure 6.15). 
However, there was no change in PTTG protein expression following irradiation of 93-VU-
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Figure 6.15 Western blot analysis of PBF depleted 92-VU-040T and 93-VU-147T cells 
following treatment with ionising radiation. Representative Western blots showing protein 
expression levels of PBF, PTTG, γ-H2AX, p53, Rb and p16 following treatment with 15 Gy of 
γ-irradiation in 92-VU-040T (left panel) and 93-VU-147T (right panel) cells stably 
transduced to express Scr shRNA and PBF shRNA (n=3). 
 
     Further quantification of PBF gene expression confirmed significant knockdown of PBF 
mRNA levels in PBF shRNA-transduced cell lines compared to Scr shRNA-transduced cells, 
both before (92-VU-040T: 0.13 ± 0.03-fold, p=0.0004; 93-VU-147T: 0.10 ± 0.02-fold, p 
<0.0001; n=3) and after treatment (92-VU-040T: 0.19 ± 0.01-fold, p=0.0004; 93-VU-147T: 
0.13 ± 0.04-fold, p=0.0001; n=3) with ionising radiation (Figure 6.16A). Furthermore, 
significant upregulation of PBF mRNA expression was observed in irradiated 92-VU-040T 
(1.54-fold, p=0.044, n=3) and 93-VU-147T (1.49-fold, p=0.037, n=3) cells transduced with 
Scr shRNA when compared with non-irradiated cells (Figure 6.16A). A non-significant 
increase in PBF mRNA expression was also noted in irradiated 92-VU-040T (1.50-fold, p=ns, 
n=3) and 93-VU-147T (1.36-fold, p=ns, n=3) cells transduced with PBF shRNA (Figure 
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6.16A). PTTG mRNA expression levels were also elevated following irradiation in Scr 
shRNA-transduced 92-VU-040T (1.66-fold, p=ns, n=3) and 93-VU-147T (1.97-fold, p=0.014, 
n=3) cells when compared to non-irradiated controls (Figure 6.16B). However, the observed 
increase in PTTG mRNA expression in 92-VU-040T Scr shRNA cells did not reach statistical 
significance. In accord with the protein data, PTTG mRNA expression did not differ in PBF 
depleted 92-VU-040T cells following treatment with γ-irradiation, although a non-significant 















Figure 6.16 Altered PBF and PTTG mRNA expression following irradiation of 92-VU-040T 
and 93-VU-147T cells stably transduced to express PBF shRNA. A – Relative PBF mRNA 
expression levels in 92-VU-040T and 93-VU-147T cells transduced with Scr shRNA or PBF 
shRNA (n=3). B – Relative PTTG mRNA expression levels in 92-VU-040T and 93-VU-147T 
cells transduced with Scr shRNA or PBF shRNA (n=3). Data presented as mean ± SEM. ns = 
non-significant, * p ≤0.05. 
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     Further examination of PBF shRNA-transduced 92-VU-040T and 93-VU-147T cell lines 
revealed that PBF depletion had very minimal impact on the expression of a selection of p53-
related genes involved in cell cycle regulation, apoptosis and DNA repair (Figure 6.17). 
Considerably fewer p53-related genes were altered following PBF knockdown when 
compared with PTTG depleted cells, with only BCL-2 demonstrated significant gene 
expression changes following PBF gene silencing (Figure 6.13 vs. Figure 6.17). As shown in 
Figure 6.17, BCL-2 mRNA expression was significantly repressed in PBF depleted 92-VU-
040T (0.42 ± 0.13, p=0.046, n=3) and 93-VU-147T (0.43 ± 0.06, p=0.025, n=3) cells when 
compared with Scr shRNA-transduced control cell lines. Expression of the remaining genes 
remained unaltered (Figure 6.17). In addition, PBF knockdown did not cause any 








Figure 6.17 Altered expression of p53-related genes following PBF depletion in 92-VU-040T 
and 93-VU-147T cells. Relative mRNA expression of indicated genes in 92-VU-040T and 93-
VU-147T cells transduced with PBF shRNA compared with 92-VU-040T and 93-VU-147T Scr 
shRNA-transduced cells, respectively (n=3). Data presented as mean ± SEM. ND = not 
detected, * p ≤0.05, ** p ≤0.01. 
 
     To identify additional changes in expression of p53-related genes, quantitative real-time 
PCR reactions were repeated in PBF depleted 92-VU-040T and 93-VU-147T cell lines 
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CDKN1A was significantly upregulated in PBF shRNA-transduced 92-VU-040T (2.40-fold, 
p=0.013, n=3) and 93-VU-147T (1.64-fold, p=0.031, n=3) cell lines when compared with 
irradiated Scr shRNA-transduced cells (Figure 6.18). Exposure of PBF depleted 92-VU-040T 
(1.26-fold, p=ns, n=3) and 93-VU-147T (2.04-fold, p=0.017, n=3) cells to γ-irradiation also 
resulted in further induction of BRCA1 mRNA expression, although statistical significance 
was not reached for 92-VU-040T cells (Figure 6.18). Additional non-significant alterations in 
BCL-2 mRNA expression were noted in both 92-VU-040T (0.68-fold, p=ns, n=3) and 93-
VU-147T (0.79-fold, p=ns, n=3) PBF shRNA-expressing cell lines, with PBF knockdown 
repressing BCL-2 expression after treatment with γ-irradiation (Figure 6.18). Overall, these 
data suggest that whilst PBF is capable of binding to and altering p53 protein stability in 92-
VU-040T and 93-VU-147T HNSCC cell lines, this interaction may have very little impact on 
p53 transcriptional activity, as evidenced by a lack of alterations in the expression of a panel 
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Figure 6.18 Altered expression of p53-related genes in PBF depleted 92-VU-040T and 93-
VU-147T cells, following treatment with ionising radiation. A – Relative mRNA expression of 
indicated genes in PBF shRNA-transduced 92-VU-040T cells compared with non-irradiated 
controls following irradiation with a 15 Gy dose (n=3). B – Relative mRNA expression of 
indicated genes in PBF shRNA-transduced 93-VU-147T cells compared with non-irradiated 
controls following irradiation with a 15 Gy dose (n=3). Data presented as mean ± SEM. ns = 
non-significant, * p ≤0.05. 
 
6.4 Discussion 
6.4.1 PTTG and PBF bind p53 in vitro 
     The well-characterised proto-oncogene PTTG has been shown to specifically interact with 
p53 in vitro and in vivo (Bernal et al. 2002). This interaction was found to impair DNA 
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binding of p53 and led to significant repression of p53 transcriptional activity in human non-
small cell lung cancer cells (Bernal et al. 2002). In addition, our group has recently 
demonstrated that its binding partner PBF also functionally interacts with p53 in thyroid and 
colorectal cancer cells (Read et al. 2014, Read et al. 2016b). In previous chapters, we revealed 
that PTTG and PBF are both frequently overexpressed in HNSCC tumours. Given that both 
proto-oncogenes are also known to interact with and impair p53 function in a variety of 
cancers, we performed co-immunoprecipitation assays to explore their potential interactions 
in HNSCC cell lines. 
     Transfected PTTG-HA and PBF-HA were successfully immunoprecipitated by an anti-p53 
antibody in both HPV-negative 92-VU-040T and HPV-positive 93-VU-147T HNSCC cells. 
Further reciprocal assays, in which an anti-HA antibody was used for immunoprecipitation of 
PBF-HA or PTTG-HA, also demonstrated successful co-immunoprecipitation of p53 in both 
cell lines, thus providing evidence of a direct and specific interaction in vitro. Interestingly, 
the relative level of p53:PBF co-immunoprecipitates was significantly altered following 
depletion of PTTG, as was the level of p53:PTTG co-immunoprecipitates following PBF 
depletion. These data therefore suggest that the relative levels of PTTG and PBF within the 
cell strongly influence their interaction with p53 and are unlikely to reflect changes in p53 
protein expression or stability following transfection, as differences in the levels of p53 
protein in each sample were negligible.  
     Surprisingly, the interaction between exogenous PBF and p53 was enhanced following 
PTTG knockdown in 92-VU-040T and 93-VU-147T cells. As the binding sites for PTTG and 
PBF appear to be located within overlapping regions of the p53 protein (PTTG: amino acids 
300-374 (Bernal et al. 2002); PBF: amino acids 318-393 (Read et al. 2014)), these results may 
be indicative of competitive binding between PTTG and PBF for p53, with PTTG displaying 
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greater affinity for p53 than PBF. Assessing whether PTTG and PBF competitively bind to 
p53 was beyond the scope of this body of work and would require further investigation, 
possibly through the use of GST pull-down assays. In contrast, the interaction between PTTG 
and p53 was significantly repressed following PBF knockdown in 92-VU-040T and 93-VU-
147T cells, thus implying that PBF somehow facilitates PTTG:p53 binding. Indeed, PBF is 
known to facilitate the nuclear transport of PTTG (Chien, Pei 2000). It is therefore 
perceivable that PBF-driven nuclear translocation of PTTG might further augment its 
interaction with p53 in the nucleus. Alternatively, PBF may act as a co-factor, which binds to 
p53, redistributing it from the cytoplasm in to the nucleus, where it is then able to functionally 
interact with PTTG. However, further co-immunoprecipitation experiments using nuclear and 
cytoplasmic protein subfractions and proximity ligation assays (PLA) would be required. 
Future studies could also make use of specific mutants of PBF, which result in its retention in 
the cytoplasm, in order to further characterise the effects of PBF on the subcellular 
localisation of p53 and its interaction with PTTG. 
 
6.4.2 PTTG and PBF co-operate to reduce p53 protein stability 
     As PTTG and PBF were both revealed to directly interact with p53, we next considered the 
individual and combined effects of PTTG and PBF expression on intracellular p53 protein 
stability through use of anisomycin half-life studies. Treatment of 92-VU-040T and 93-VU-
147T cells with anisomycin resulted in a slight reduction in the levels of p53 protein over the 
120-minute time-course. However, when these cells were transfected with PTTG or PBF, p53 
protein levels were significantly reduced by 120 minutes. A significant finding was the 
synergistic effect of simultaneous induction of both proto-oncogenes. Indeed, combined 
Chapter 6 Investigating the interaction between PTTG, PBF and p53 in head and neck cancer cells 
 
   209 
expression resulted in a more profound reduction in p53 protein stability than that observed 
following expression of either PTTG or PBF alone.  
     PTTG has previously been demonstrated to alter p53 stability (Bernal, Hernandez 2007). 
In colorectal cancer HCT116 cells, PTTG depletion resulted in stabilisation of p53 protein 
levels, as evidenced by cycloheximide chase experiments (Bernal, Hernandez 2007). 
Interestingly, stabilisation was achieved through PTTG-modulation of calpain activity on p53 
degradation, rather than via modulation of the more typical ubiquitin-dependent degradation 
pathway (Bernal, Hernandez 2007). In addition, PTTG has been shown to directly bind to 
Ku70/Ku80, which forms the regulatory subunit of DNA-PK (Romero et al. 2001). 
Phosphorylation of p53 at residue S15 by DNA-PK is well characterised and disrupts its 
interaction with the crucial negative regulator and E3-ubiquitin ligase MDM2, thus stabilising 
p53 protein and causing it to accumulate within the cell (Shieh et al. 1997). PBF has also been 
shown to modulate p53 turnover in thyroid and colorectal cancer cells (Read et al. 2014). In 
these tumour settings, p53 degradation was induced by elevated PBF and could be blocked by 
the MDM2 antagonist, nutlin-3 (Read et al. 2014). Further research conducted by our group 
has also hinted at a potential interaction between PBF and the E2 ubiquitin-conjugating 
enzyme, Rad6, which forms a ternary complex with MDM2 and p53 and contributes to 
MDM2-mediated degradation of p53 in cervical carcinoma HeLa cells (Lyakhovich, Shekhar 
2003). However, the precise mechanisms underlying the synergistic effects of PTTG and PBF 
remain to be clarified. It is possible that binding of PTTG with PBF may facilitate their 
interactions with proteins known to modulate p53 degradation, such as MDM2, Rad6 and 
calpain. Alternatively, they may function independently of one another, resulting in an 
additive effect when co-expressed. 
Chapter 6 Investigating the interaction between PTTG, PBF and p53 in head and neck cancer cells 
 
   210 
     To further characterise the impact of the interaction between PTTG and PBF on p53 
stability, half-life studies were repeated following dual-transfection with wild-type PTTG or 
PBF and the existing mutants, PTTG BD- and PBF M1, which are unable to interact with one 
another. Transfection of 92-VU-040T and 93-VU-147T cells with wild-type PTTG and PBF 
M1 resulted in stabilisation of p53 protein, whereas transfection with wild-type PBF and 
PTTG BD- led to an increase in p53 protein degradation by 120 minutes, which was similar to 
that observed in PTTG or PBF transfected cells. Interestingly, transfection with PTTG BD- 
and PBF M1 reduced p53 protein turnover, thereby restoring p53 protein stability to similar 
levels observed in VO-transfected cells.  
     Given that both mutants disrupt PTTG:PBF interaction, if PTTG and PBF modulation of 
p53 was contingent upon this interaction, stabilisation of p53 protein would have been 
expected in all three transfection conditions. However, this was not the case and suggests that 
additional factors must be involved. p53 protein was consistently stabilised in 92-VU-040T 
and 93-VU-147T cells following transfection with PBF M1, whilst transfection with wild-
type PBF typically led to a reduction in p53 stability. As described previously, the PBF M1 
deletion mutant lacks the C-terminal 30 amino acids (Δ149-180), which mediate its binding to 
PTTG. Also within this region lies a critical tyrosine phosphorylation site, Y174, which plays 
an important role in PBF endocytosis, as well as in the binding and trafficking of NIS from 
intracellular vesicles to the plasma membrane (Smith et al. 2013). Furthermore, a functional 
interaction between PBF and the cytoskeletal remodelling protein cortactin has been shown to 
be contingent upon Src-mediated phosphorylation of PBF at residue Y174 (Watkins et al. 
2016). Y174-phosphorylation of PBF may therefore represent an important post-translational 
modification, the loss of which may preclude PBF’s ability to interact with or induce the 
degradation of p53. A lack of PBF-Y174 phosphorylation may also have important 
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connotations with regard to PTTG subcellular localisation and/or function and might explain 
the observed reduction in p53 stability following transfection with wild-type PTTG with wild-
type PBF and wild-type PBF with PTTG BD-. Given the abundance of endogenous PBF in 
both cell lines, this might also explain the reduced p53 stability noted in cells transfected with 
PTTG alone. Together, these data support a central role for PTTG and PBF in the modulation 
of p53 protein stability in HNSCC. 
 
6.4.3 PTTG and PBF gene silencing does not alter the sensitivity of 92-VU-040T and 
93-VU-147T cells to ionising radiation 
     In light of the observed effects of PTTG and PBF expression on p53 protein interaction 
and stability, the impact of their depletion on 92-VU-040T and 93-VU-147T cell survival was 
assessed following treatment with ionising radiation. Cell survival was indirectly assessed by 
BrdU cell proliferation assay. In the absence of γ-irradiation, PTTG knockdown led to a 
significant increase in 92-VU-040T and 93-VU-147T cell proliferation compared to Scr 
shRNA-transduced control cells. Following γ-irradiation, Scr shRNA-transduced 92-VU-
040T and 93-VU-147T cell proliferation was reduced by around 15 % compared to around 24 
% in PTTG-depleted 92-VU-040T and 93-VU-147T cells. However, no difference was 
observed when comparing the relative change in proliferation of Scr shRNA- or PTTG 
shRNA-expressing cells treated with or without ionising radiation, thus suggesting that PTTG 
depletion has no impact on irradiation-induced mechanisms of growth arrest. In contrast, PBF 
knockdown led to a significant decrease in 92-VU-040T and 93-VU-147T cell proliferation in 
the absence of ionising radiation and this was further augmented following treatment with 
ionising radiation, with irradiated PBF shRNA-transduced 92-VU-040T and 93-VU-147T 
cells demonstrating a further reduction in cell proliferation of approximately 10-20 % when 
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compared with irradiated Scr shRNA control cells. However, no significant difference in 
relative proliferation rates was observed when comparing Scr shRNA-expressing cells vs. 
PBF shRNA-expressing cells in the presence or absence of ionising radiation, thus suggesting 
that PBF depletion has no impact on irradiation-induced mechanisms of growth arrest. 
     The data obtained from these BrdU assays cannot be directly linked to alterations in p53 
stability and activity caused by depletion of PTTG or PBF. The lack of difference in 
sensitivity to ionising radiation observed in both 92-VU-040T and 93-VU-147T cells 
following PTTG and PBF depletion may therefore be a result of p53-independent 
mechanisms. In addition, BrdU assays effectively measure DNA synthesis, which does not 
necessarily correlate with cell viability. It will therefore be important to confirm these 
findings using more suitable methods and following siRNA-mediated knockdown of p53.  
     No observable differences in cell survival were noted between 92-VU-040T and 93-VU-
147T cell lines after treatment with γ-irradiation. This was a surprising finding, as HPV-
positive HNSCC cells are proposed to be more radiosensitive (Kimple et al. 2013, Rieckmann 
et al. 2013, Dok et al. 2014, Arenz et al. 2014). A possible reason for this discrepancy could 
be the method and cell models used to determine cell survival. Many of the cited studies used 
clonogenic survival assays to produce sensitive and accurate measures of cell survival 
following γ-irradiation, whereas BrdU assays can only provide an indirect measure of cell 
survival. It has also been suggested that the observed cellular radiosensitivity is likely due to 
induction of p53-mediated apoptosis (Kimple et al. 2013). Kimple et al. demonstrated 
upregulation of a number of p53-related genes following irradiation of HPV-positive cell lines 
when compared to HPV-negative cells and proposed that, despite downregulation of p53 by 
HPV E6, the remaining functional wild-type p53 could be activated in response to DNA 
damage, thereby inducing apoptosis (Kimple et al. 2013). The 93-VU-147T cell line has 
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recently been found to harbour a heterozygous mutation in TP53 (c.770T>G, p.L257R) and, 
when analysed alongside a panel of HPV-positive cell lines harbouring only wild-type p53, 
displayed the lowest radiation sensitivity and caspase 3/7 activity following γ-irradiation 
(Kimple et al. 2013). These factors combined may explain why no difference was observed in 
our hands. 
 
6.4.4 PTTG and PBF gene silencing alters the expression of several p53-related genes in 
92-VU-040T and 93-VU-147T cells 
     To further explore the functional significance of the interaction between PTTG, PBF and 
p53, expression of a panel of 8 p53-related genes was analysed in stable PTTG or PBF 
knockdown 92-VU-040T and 93-VU-147T cell lines in the presence and absence of ionising 
radiation. One of the most common and well-characterised p53-responsive genes is 
CDKN1A. The CDKN1A gene encodes the potent cyclin-dependent kinase inhibitor, p21, 
whose expression is induced by p53 in response to DNA damage and leads to p53-mediated 
G1 cell cycle arrest (Waldman et al. 1995). Surprisingly, PTTG depletion in 92-VU-040T and 
93-VU147T cells led to significant repression of CDKN1A mRNA expression following γ-
irradiation. Considering the direct interaction between PTTG and p53 and the fact that PTTG 
overexpression resulted in rapid degradation of p53 protein, knockdown of PTTG would have 
been expected to cause an increase in irradiation-induced expression of CDKN1A. However, 
it is possible that the observed reduction in CDKN1A mRNA expression is an indirect effect 
mediated by endogenous PBF, which is abundantly expressed in both cell lines. Indeed, 
depletion of PBF in 92-VU-040T and 93-VU-147T cells following exposure to γ-irradiation 
significantly increased expression of CDKN1A, thus providing support for the above 
hypothesis and further emphasizing a role for PBF in the negative regulation of p53. 
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     Extensive characterisation of the apoptotic mediators BAX (pro-apoptotic factor) and 
BCL-2 (anti-apoptotic factor) has established the importance of apoptosis in cellular 
transformation and tumour development (Frenzel et al. 2009). In HNSCC p53 has been 
reported to initiate programmed cell death in response to DNA damage by inhibiting 
expression of BCL-2, thus suggesting a dependence on BCL-2 and not BAX for induction of 
p53 apoptotic responses following genotoxic insult in HNSCC cells. In accordance with this 
data, no changes in BAX mRNA expression were observed in 92-VU-040T and 93-VU-147T 
cells transduced with Scr shRNA, whereas BCL-2 mRNA expression was non-significantly 
downregulated following treatment of cells with γ-irradiation. Interestingly, PTTG 
knockdown resulted in significant induction of BCL-2 mRNA expression in 92-VU-040T and 
93-VU-147T cells, both in the presence and absence of ionising radiation, although BAX 
mRNA expression remained unaltered. In contrast, PBF silencing led to a significant 
reduction in BCL-2 mRNA expression, which was further reduced upon treatment with γ-
irradiation.  
     The observed increase in BCL-2 mRNA expression in PTTG knockdown cells is in 
accordance with a previous report, where PTTG depletion in murine pituitary glands was 
associated with elevated levels of BCL-2 protein (Chesnokova et al. 2007). However, as 
PTTG overexpression resulted in a significant decrease in p53 protein stability in 92-VU-
040T and 93-VU-147T cell lines, it was expected that knockdown of PTTG would result in 
stabilisation of p53 protein levels and subsequent activation following DNA damage. As p53 
negatively regulates transactivation of the BCL-2 gene (Basu, Haldar 1998), BCL-2 mRNA 
levels would have been expected to be reduced in PTTG depleted cells in the presence of 
ionising radiation. Therefore, the induction of BCL-2 following treatment with γ-irradiation is 
unlikely to be a result of activation of p53-dependent apoptotic pathways.  
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     The association between PTTG and DNA damage repair (DDR) pathways has been 
extensively studied (Salehi et al. 2008) and recent research performed by our group revealed 
that co-expression of PTTG and PBF repressed expression of a significant number of DDR 
genes in murine thyroctyes, as well as human differentiated thyroid tumours (Read et al. 
2016a). Analysis of DDR gene expression in our PTTG and PBF-depleted HNSCC cell lines 
revealed significant dysregulation of the DDR genes RAD51 and BRCA1. RAD51 is an 
essential component of the homologous recombination (HR) DNA repair pathway (Baumann, 
West 1998), while BRCA1 is implicated in the alternative non-homologous end-joining 
(NHEJ) DNA repair pathway (Bau et al. 2006). Analysis of 93-VU-147T cells with reduced 
PTTG expression revealed significant induction of RAD51 mRNA expression, whereas 
expression appeared to be unaltered by PTTG depletion or irradiation in 92-VU-040T cells. 
RAD51 mRNA expression was also unaffected by PBF depletion or irradiation in 92-VU-
040T and 93-VU-147T cells transduced with PBF shRNA. We have previously demonstrated 
suppression of RAD51 mRNA expression in a transgenic mouse model of thyroid-specific 
PTTG overexpression (Read et al. 2016a). In addition, Park et al. have revealed dysregulated 
expression of RAD51 and RAD51 foci formation in HPV-positive cell lines and HPV E6-
expressing cells, which was associated with impaired sub-lethal DNA damage repair (Park et 
al. 2014). It is therefore possible that the observed induction of RAD51 mRNA expression in 
PTTG depleted 93-VU-147T cells was due to the combined expression of HPV E7 and the 
loss of PTTG. 
     When taken together, this set of gene expression data demonstrate that PTTG and PBF 
depletion leads to dysregulated expression of several important p53-responsive genes. 
However, as only a small number of genes were affected, it may be that the interactions 
between PTTG, PBF and p53 have little impact on overall p53 transcriptional activity in 92-
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VU-040T and 93-VU-147T HNSCC cell lines. It will be important to assess the effects of 
PTTG and PBF depletion across a much larger panel of p53-responsive genes, as this will 
provide a more accurate account of the relative contributions of PTTG and PBF to p53 
transcriptional activity. It will also be important to determine whether the observed alterations 
in gene expression are p53-dependent, as expression of many of the genes analysed can also 
be regulated in a p53-independent manner. 
 
6.4.5 Concluding statements 
     In the current chapter, we have demonstrated that the proto-oncogenes PTTG and PBF 
physically interact with p53 and co-operate to alter its protein stability in HPV-positive and 
HPV-negative HNSCC cell lines. We further defined a potential role for PTTG and PBF in 
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7.1 Introduction 
     Despite recent advances in the management of recurrent and metastatic HNSCC, the 
overall survival rate remains less than one year (Price, Cohen 2012). A crucial step in the 
metastatic process is cellular invasion, which involves the loss of cell-to-cell adhesion, 
followed by degradation of the basement membrane and subsequent migration of cancerous 
cells into the surrounding connective tissue or nearby blood or lymphatic vessels (Chambers 
et al. 2002). DNA microarray expression profiles have highlighted a number of key genetic 
signatures associated with high-risk metastatic HNSCC, including gene alterations in cell 
adhesion molecules, intracellular signalling molecules and factors involved in epithelial-to-
mesenchymal transition (EMT) (Chung et al. 2006). Among these commonly altered genes is 
the potent tumour suppressor, p53. As outlined in detail in chapter 6, p53 is activated in 
response to oncogenic stress and elicits a variety of critical cellular functions, including 
induction of cell cycle arrest, DNA repair, apoptosis and cell senescence (Levine, Oren 2009). 
Aside from these well-established roles, p53 has been implicated in the regulation of cell 
migration, invasion and EMT (Muller et al. 2009, Wang et al. 2009, Mukhopadhyay et al. 
2010).  
     In previous chapters we demonstrated that PTTG and PBF are both overexpressed in 
human HNSCC. Furthermore, we provided evidence suggesting PTTG and PBF directly 
interact with, and potentially co-regulate, p53 in vitro. A role for PTTG in cell migration and 
invasion is also well documented. PTTG expression is a strong indicator of tumour 
invasiveness (Shibata et al. 2002, Boelaert et al. 2003a) and was recognised as a key signature 
gene in tumour metastasis (Ramaswamy et al. 2003, Carvalho et al. 2011). Many high profile 
studies have demonstrated that PTTG is an important regulator of cell motility in oesophageal 
cancer (ESCC) (Ito et al. 2008, Yan et al. 2009), and more recently, oral squamous cell 
Chapter 7 Effect of PTTG and PBF gene silencing on the invasiveness of head and neck cancer cells 
 
   219 
carcinoma (Zhang et al. 2014). In ESCC cells, PTTG depletion was significantly associated 
with reduced cell migration in vitro and was accompanied by reduced lymph node metastasis 
in vivo (Ito et al. 2008, Yan et al. 2009). Similarly, in oral squamous cell carcinoma, PTTG 
knockdown resulted in impaired cell motility and invasion (Zhang et al. 2014). 
     Subsequent studies have revealed upregulated PTTG expression to drive proliferation and 
migration in cancer cells derived from a variety of tumour types, including prostate (Lin et al. 
2015b), colorectal (Zheng et al. 2015), cervical (Chen et al. 2015), and breast (Yoon et al. 
2012). This observed pro-invasive behaviour has mainly been attributed to PTTG-mediated 
activation and secretion of the ECM-degrading matrix metalloproteases (MMP) (Malik, Kakar 
2006, Xia et al. 2013, Lin et al. 2015b). However, PTTG has also been shown to orchestrate 
expression of EMT transcription factors (Shah, Kakar 2011a, Yoon et al. 2012), as well as 
focal adhesion molecules and integrins (Shah et al. 2012), thereby promoting acquisition of a 
more migratory phenotype.  
     Recent in vitro evidence has now linked PBF with tumour invasion and metastasis. We 
previously demonstrated that overexpression of PBF resulted in enhanced breast cancer cell 
invasion in vitro and that this could be abolished by siRNA-mediated silencing or specific 
mutation of the PBF gene (Watkins et al. 2010). High PBF expression was subsequently 
associated with high-grade papillary thyroid tumours (Hsueh et al. 2013) and increased PBF 
promoter activity correlated with poorer prognosis and an increased risk of metastasis in 
tumours of the breast (Xiang et al. 2012). In addition, higher PBF expression has been 
identified in colorectal tumours displaying greater extramural vascular invasion (Read et al. 
2016b). Li et al. were also able to recapitulate these findings in hepatocellular carcinoma 
(HCC). PBF expression not only drove HCC cell proliferation, but also induced potent 
cellular invasion, as assessed by 3D matrigel assay (Li et al. 2013). Furthermore, 
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simultaneous expression of the microRNA, miR-122, for which PBF is a known target, 
abrogated these growth-promoting effects (Li et al. 2013). Recent research performed by our 
group has also sought to challenge our prior findings. In a panel of thyroid, breast and colon 
cancer cell lines, PBF consistently induced in vitro migration and invasion. Importantly, this 
pro-invasive phenotype was noted across all in vitro assays and was contingent upon direct 
interaction between PBF and the cytoskeletal protein cortactin (Watkins et al. 2016). 
     Given the apparent roles of PTTG and PBF in cell motility and invasion, we wanted to 
investigate whether manipulation of PTTG and PBF expression could result in an alteration in 
the invasive and transforming capacities of HNSCC cells. 3D Boyden chamber invasion 
assays, classical wound healing assays and colony formation assays were used to this effect. 
 
7.2 Methods 
7.2.1 Cell lines 
     92-VU-040T and 93-VU-147T cells stably transduced with shRNAs targeting PTTG and 
PBF were maintained in complete culture medium containing the appropriate antibiotic 
(Blasticidin® or Puromycin) as described in section 2.1. 
 
7.2.2 2D Boyden Chamber Invasion Assay 
     Growth factor reduced Matrigel®-coated invasion chambers (8 µM pore size) [BD 
Bioscience, Oxford, UK] were rehydrated by addition of 500 µl of pre-warmed culture 
medium to the interior of each insert and incubation in a humidified atmosphere at 37 °C and 
5 % CO2 for 2 hours. Following rehydration, the medium was removed from the interior of 
the insert and 0.75 x 105 92-VU-040T cells or 4 x 105 93-VU-147T cells seeded into this 
upper compartment in a total volume of 500 µl of DMEM medium supplemented with either 2 
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% FBS (92-VU-040T cells) or 10 % FBS (93-VU-147T cells). Immediately after, 750 µl of 
pre-warmed complete DMEM supplemented with either 10 % FBS (for 92-VU-040T cells) or 
20 % FBS (for 93-VU-147T cells) was added to the well below each cell culture insert and the 
chambers incubated in a humidified atmosphere at 37 °C and 5 % CO2 for 24 or 48 hours. 
Subsequently, non-invading cells were removed from the upper surface of the insert and the 
invading cells fixed and stained using Mayer’s Haematoxylin [Sigma-Aldrich] and eosin 
[Sigma-Aldrich]. Invading cells were then analysed by light microscopy at 10X magnification 
and counted using Image J software. 
 
7.2.3 Wound healing Assay 
     Cells were seeded at 6 x 105 (92-VU-040T) and 7 x 105 (93-VU-147T) cells per well, in 
triplicate, in 6-well tissue culture plates and incubated overnight at 37 °C and 5 % CO2 to 
allow cells to adhere. Once suitably confluent, wounds were created using a 10 µl pipette tip 
to scratch through the centre of each well. The cells were immediately washed with PBS and 
2 ml of pre-warmed complete DMEM medium added to each well. The wounds were then 
imaged using a light microscope at 4X magnification at 4, 8 and 24 hours. Images were then 
analysed to calculate the area of wound healing using image J software. 
 
7.2.4 Colony Formation Assay 
     Cells were seeded at 1 x 104 cells per well, in duplicate, in 100 mm tissue culture dishes 
and incubated in a humidified atmosphere at 37 °C and 5 % CO2. After approximately 18-21 
days of incubation, colonies were fixed with 100 % methanol [VWR International] for 15 
minutes at room temperature and stained with 0.05 % crystal violet [Sigma-Aldrich] for 30 
Chapter 7 Effect of PTTG and PBF gene silencing on the invasiveness of head and neck cancer cells 
 
   222 
minutes. Excess crystal violet was removed by washing with PBS and the dishes allowed to 
air-dry.  
 
7.2.5 RNA extractions, quantification and quantitative real-time PCR 
     Stable 92-VU-040T and 93-VU-147T cell lines were seeded at 2.0x105 and 2.5x105 cells 
per well, respectively. Total RNA was harvested 24 hours later, reverse transcribed to cDNA 
and analysed by real-time quantitative PCR as described in sections 2.3, 2.4 and 2.5. 
 
7.2.6 Protein extraction, quantification and Western blotting 
     Stable 92-VU-040T and 93-VU-147T cell lines were seeded at 2.0x105 and 2.5x105 cells 
per well, respectively. Protein was then harvested 24 hours later. Protein extraction, 
quantification and Western blotting techniques were performed as outlined in section 2.6. 
Antibodies used were anti-PBF-8 1:500, anti-PTTG 1:750, anti-Y174-phosphorylated PBF 
1:1000 and anti-β actin 1:15,000. 
 
7.2.7 BrdU cell proliferation assay 
     Stably transduced 92-VU-040T and 93-VU-147T cells were seeded in parallel with 2D 
Boyden chamber invasion assays and scratch-wound assays to assess the rate of cell 
proliferation. Cells were seeded at 4 x103 cells per well in 96-well plates and incubated for 24 
hours before conducting the assay as outlined in section 2.9. The absorbance at 405 nm was 
measured using the Victor3 1420 Multilabel Counter [PerkinElmer]. 
 
7.2.8 Statistical analysis 
     Statistical analysis was performed as described in section 2.12. 
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7.3 Results 
7.3.1 PTTG gene silencing reduces the invasiveness of 92-VU-040T and 93-VU-147T 
cells 
     Overexpression of PTTG is associated with increased tumour invasiveness in multiple 
settings (Yan et al. 2009, Yoon et al. 2012, Lin et al. 2015b, Read et al. 2016b) and it has 
been identified as a key metastatic signature gene (Ramaswamy et al. 2003, Carvalho et al. 
2011). However, the role of PTTG in the progression of squamous cell carcinomas of the 
head and neck remains to be distinguished. The impact of PTTG knockdown on head and 
neck tumour cell invasion was therefore assessed by 2D Boyden chamber invasion assay in 
92-VU-040T and 93-VU-147T cells stably transduced to express PTTG shRNA or a 
scrambled control shRNA.  
     Cells were seeded onto growth factor-reduced matrigel-coated chambers and incubated for 
24-48 hours. Western blot analysis demonstrated a clear reduction in the expression of 
endogenous PTTG protein (Figure 7.1A). Furthermore, a potent anti-invasive effect of PTTG 
knockdown was observed in both cell lines (Figure 7.1B). 92-VU-040T cells transduced with 
PTTG shRNA demonstrated a ~90 % reduction in the mean number of invading cells when 
compared with scrambled control cells (Figure 7.1B – left panel; 169 ± 3.24 vs. 17 ± 8.21, 
p=0.003, n=3). Similarly, 93-VU-147T cells transduced with PTTG shRNA displayed an ~85 
% decrease in the mean number of invading cells when compared with scrambled shRNA 
control cells (Figure 7.1B – right panel; 180 ± 23.20 vs. 27 ± 6.23, p=0.0001, n=3). 
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Figure 7.1	 Impaired cell invasion with PTTG depletion. A – Western blots demonstrating 
successful knockdown of PTTG in 92-VU-040T and 93-VU-147T cells stably transduced with 
PTTG shRNA. B – Representative 2D Boyden chamber assay images showing the effect of 
PTTG knockdown on the invasiveness of 92-VU-040T and 93-VU-147T cells. 2D Boyden 
chamber assays were quantified and the mean number of invading cells displayed below (n=3 
experiments). Scale bars = 200 µm. Data presented as mean ± SEM. ** p ≤0.01, *** p 
≤0.001. 
 
7.3.2 PBF gene silencing reduces the invasiveness of 92-VU-040T and 93-VU-147T cells 
     We have previously identified that PBF induces invasion in a number of different cell lines 
(Watkins et al. 2010, Watkins et al. 2016). To determine whether PBF may also regulate 
invasion of HNSCC cells we performed additional 2D Boyden chamber invasion assays using 
92-VU-040T and 93-VU-147T cells stably transduced to express PBF shRNA or a scrambled 
shRNA. Western blot analysis confirmed knockdown of endogenous PBF protein expression 
in both cell lines (Figure 7.2A). Furthermore, both PBF knockdown cell lines lost the ability 
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to induce cell invasion (Figure 7.2B), albeit to a lesser extent that that observed in the stable 
PTTG shRNA cell lines. PBF depletion in 92-VU-040T cells resulted in a ~68 % reduction in 
the mean number of invading cells (Figure 7.2B – left panel; 197 ± 7.11 vs. 64 ± 2.53, 
p=0.0001, n=3). In 93-VU-147T cells, a decrease in the mean number of invading cells of ~78 











Figure 7.2 Impaired cell invasion with PBF depletion. A – Western blots demonstrating 
successful knockdown of PBF in 92-VU-040T and 93-VU-147T cells stably transduced with 
PBF shRNA. B – Representative 2D Boyden chamber assay images showing the effect of PBF 
knockdown on the invasiveness of 92-VU-040T and 93-VU-147T cells. 2D Boyden chamber 
assays were quantified and the mean number of invading cells displayed below (n=3 
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7.3.3 PTTG gene silencing impairs cell motility in 92-VU-040T and 93-VU-147T cells 
     As cell migration is an integral part of the cell invasion process, we next sought to 
determine the effects of PTTG gene silencing on 92-VU-040T and 93-VU-147T cell 
migration. To this end, classical wound healing assays were performed. Stably transduced 92-
VU-040T and 93-VU-147T cells expressing either PTTG shRNA or scrambled shRNA were 
seeded in 6-well plates and incubated for 24 hours to allow the cells to form a confluent 
monolayer. A micropipette tip was then used to create a ‘wound’. The doubling time for 92-
VU-040T cells is approximately 20-25 hours, whereas, the doubling time for 93-VU-147T 
cells is 35-40 hours. For this reason, the wound area was imaged at 0, 4 and 8 hours for 92-
VU-040T cells and at 0, 4, 8 and 24 hours for 93-VU-147T cells. 
     Stable 92-VU-040T and 93-VU-147T cells with reduced PTTG expression, as 
demonstrated by Western blot (Figure 7.3), displayed an impaired ability to migrate into the 
wound (Figure 7.4 and Figure 7.5). In the scrambled controls, the wound area was almost 
completely closed by 8 and 24 hours in 92-VU-040T (Figure 7.4A) and 93-VU-147T (Figure 
7.5A) cells, respectively. In contrast, PTTG-depleted 92-VU-040T and 93-VU-147T cells 
were unable to migrate effectively to close the wound. Image J was used to further quantify 
wound closure at the various time points. PTTG knockdown resulted in a significant decrease 
in migratory ability of approximately 60 % in 92-VU-040T cells at 8 hours (Figure 7.4B; 54 
% ± 5.51 vs. 22 % ± 3.93, p<0.01, n=3) and 30 % in 93-VU-147T cells at 24 hours (Figure 
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Figure 7.3 Successful shRNA-mediated knockdown of PTTG protein expression. Western blots 
demonstrating successful knockdown of PTTG protein in 92-VU-040T and 93-VU-147T cells 
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Figure 7.4 Reduced cell motility with PTTG depletion in 92-VU-040T cells. A – 
Representative wound healing assay images, taken at 0, 4 and 8 hours after wound creation, 
showing the effect of PTTG knockdown on 92-VU-040T cell motility. B – Wound healing 
assays were quantified and the percentage wound recovery displayed below (n=3 









0 h 4 h 8 h A 
B 
92-VU-040T 
Chapter 7 Effect of PTTG and PBF gene silencing on the invasiveness of head and neck cancer cells 
 














Figure 7.5 Reduced cell motility with PTTG depletion in 93-VU-147T cells. A – 
Representative wound healing assay images, taken at 0, 4, 8 and 24 hours after wound 
creation, showing the effect of PTTG knockdown on 93-VU-147T cell motility. B – Wound 
healing assays were quantified and the percentage wound recovery displayed below (n=3 
experiments). Scale bars = 500 µm. Data presented as mean ± SEM. ns = non-significant, * p 
≤0.05, *** p ≤0.001. 
 
7.3.4 PBF gene silencing impairs cell motility in 92-VU-040T and 93-VU-147T cells 
     The effect of PBF knockdown was also assessed in stable 92-VU-040T and 93-VU-147T 
cells. PBF depletion, as confirmed by Western blot (Figure 7.6), was also associated with loss 
of migratory capacity in both cell lines (Figure 7.7A and Figure 7.8A). As demonstrated in 
Figure 7.7 and Figure 7.8, scrambled control cells migrated more effectively to close the 
wound when compared with the stable PBF shRNA cells. Further quantification of the wound 
areas found that PBF knockdown resulted in a ~36 % reduction in wound recovery in 92-VU-
93-VU-147T 
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040T cells after 8 hours (Figure 7.7B; 69 % ± 5.42 vs. 44 % ± 4.17, p<0.01, n=3) and a ~27 % 
reduction in wound recovery in 93-VU-147T cells after 24 hours (Figure 7.8B; 71 % ± 0.76 








Figure 7.6 Successful shRNA-mediated knockdown of PBF protein expression. Western blots 
demonstrating successful knockdown of PBF protein in 92-VU-040T and 93-VU-147T cells 
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Figure 7.7 Reduced cell motility with PBF depletion in 92-VU-040T cells. A – Representative 
wound healing assay images, taken at 0, 4 and 8 hours after wound creation, showing the 
effect of PBF knockdown on 92-VU-040T cell motility. B – Wound healing assays were 
quantified and the percentage wound recovery displayed below (n=3 experiments). Scale bars 
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Figure 7.8 Reduced cell motility with PBF depletion in 93-VU-147T cells. A – Representative 
wound healing assay images, taken at 0, 4, 8 and 24 hours after wound creation, showing the 
effect of PBF knockdown on 93-VU-147T cell motility. B – Wound healing assays were 
quantified and the percentage wound recovery displayed below (n=3 experiments). Scale bars 
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7.3.5 The reduced invasive and migratory capacities of stably transduced 92-VU-040T 
and 93-VU-147T cells are not due to altered cellular proliferation 
     At the time of seeding cells for 2D Boyden chamber cell invasion assays and wound 
healing assays, stably transduced 92-VU-040T and 93-VU-147T cells were also seeded for 
BrdU cell proliferation assays. BrdU assays were performed to determine whether changes in 
cellular proliferation associated with PTTG or PBF knockdown might affect interpretation of 
the cell invasion and migration assays. In 92-VU-040T (p=0.02, n=3) and 93-VU-147T 
(p=0.02, n=3) cells, stable knockdown of PTTG, led to a significant increase in cell 
proliferation, which was similar to that observed in previous chapters (Figure 7.9A). In 
contrast, stable PBF knockdown in 92-VU-040T (p=0.006, n=3) and 93-VU-147T (p=0.003, 
n=3) cells led to a decrease in cell proliferation, again, similar to that observed in previous 
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Figure 7.9 The effect of PTTG and PBF gene silencing on cellular proliferation in 92-VU-
040T and 93-VU-147T cells seeded for invasion and wound healing assays as assessed by 
BrdU assay. 92-VU-040T and 93-VU-147T cells stably transduced with either scrambled 
shRNA or PTTG shRNA (A), or scrambled shRNA and PBF shRNA (B) (n=3 with 8 
replicates). Data presented as mean ± SEM. * p ≤0.05, ** p ≤0.01.  
 
7.3.6 PTTG gene silencing reduces the colony forming ability of 92-VU-040T and 93-
VU-147T cells 
     Overexpression of PTTG has previously been shown to induce cell transformation in vitro 
(Pei, Melmed 1997, Boelaert et al. 2004, Stratford et al. 2005). To examine the influence of 
PTTG knockdown in our stable PTTG shRNA HNSCC cell lines, we performed colony 
formation assays. Although only preliminary experiments, PTTG knockdown led to a marked 
decrease in the number of colonies formed by both 92-VU-040T and 93-VU-147T stable 
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PTTG shRNA-transduced 92-VU-040T cells, the colonies formed were strikingly larger than 














Figure 7.10 Potentially impaired transforming ability of 92-VU-040T and 93-VU-147T cells 
upon depletion of PTTG. Representative colony formation assay images of 92-VU-040T and 
93-VU-147T cells stably transduced with Scr shRNA or PTTG shRNA (n=3 experiments with 
2 replicates). 
 
7.3.7 PBF gene silencing reduces the colony forming ability of 92-VU-040T and 93-VU-
147T cells 
     Overexpression of PBF has also been documented to result in cell transformation in vitro 
(Stratford et al. 2005). We therefore examined the effect of stable PBF knockdown on colony 
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reduction in the number of colonies formed by 92-VU-040T and 93-VU-147T stable PBF 














Figure 7.11 Potentially impaired transforming ability of 92-VU-040T and 93-VU-147T cells 
upon depletion of PBF. Representative colony formation assay images of 92-VU-040T and 




7.4.1 PTTG and PBF gene silencing impairs 92-VU-040T and 93-VU-147T cell 
migration and invasion 
     Cell migration and invasion are imperative in the early stages of tumour metastasis. 
Previously, the proto-oncogene PTTG, and its binding partner, PBF, have been shown to 
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et al. 2010, Chen et al. 2015, Watkins et al. 2016). Similarly, in this chapter we have 
demonstrated that PTTG and PBF play an important role in regulating HNSCC cell motility 
and invasion. Silencing of PTTG or PBF in HPV-negative 92-VU-040T and HPV-positive 
93-VU-147T cells, achieved through lentiviral transduction of gene-specific shRNAs, resulted 
in a marked reduction in the invasive capacity of both stable cell lines. In addition, stably 
transduced 92-VU-040T and 93-VU147T cells displayed impaired cell motility, as assessed 
by classical wound healing assays.  
     BrdU cell proliferation assays were performed in parallel to assess whether the observed 
decrease in cell invasiveness was the result of altered cellular proliferation in response to 
PTTG or PBF depletion. Both 92-VU-040T and 93-VU-147T cells with reduced PTTG 
expression displayed a modest but significant increase in cell proliferation of 1.1-fold and 1.2-
fold, respectively. Therefore, the reduced cell invasion and migration, demonstrated by 2D 
Boyden chamber invasion assays and wound healing assays, in stable PTTG shRNA cell lines 
was unlikely to be a direct result of altered cell proliferation. In contrast, PBF knockdown led 
to a marginal 0.9-fold decrease in the rate of cell proliferation in both stable PBF shRNA cell 
lines. When compared to the degree of repression of invasion and migration in the stable cell 
lines, the reduction in cell proliferation is highly unlikely to be a major contributing factor. 
     Head and neck squamous cell carcinomas can be subdivided into two categories; HPV-
positive and HPV-negative. Both are now recognised as distinct tumour subtypes and display 
vastly different biological and clinical outcomes (Gillison 2004, Ang et al. 2010). In recent 
years, HPV infection has been associated with enhanced head and neck tumour cell migration 
and invasion (Jung et al. 2013, Lee et al. 2015). However, we did not observe any significant 
differences in cellular invasion in scrambled shRNA-transduced HPV-positive 93-VU-147T 
cells as compared to scrambled shRNA-transduced HPV-negative 92-VU-040T cells. 
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Furthermore, no observable difference was noted between 93-VU-147T and 92-VU-040T 
cells transduced with either PTTG shRNA or PBF shRNA.  
     The tumour microenvironment, in addition to harbouring tumour cells, consists of a 
number of components, such as immune cells, fibroblasts, endothelial cells, growth factors, 
cytokines and collagen, all of which have a profound effect on the functional properties of the 
tumour cells, including their ability to effectively migrate and invade surrounding tissues 
(Petras et al. 2010). Therefore, the majority of 2D in vitro cell migration assays, including 
those used in the present study, have limited physiological relevance as they capture only 
specific aspects of the tumour microenvironment. This may, in part, help to explain the lack 
of observable differences between 93-VU-147T and 92-VU-040T cells.  
     These conflicting results may also be attributed to the fact that many of the studies 
examining the influence of HPV infection on HNSCC cell migration and invasion were 
performed in cell lines transfected with HPV E6 and/or E7, rather than using cell lines derived 
from HPV-positive tumours. Whilst this may overcome the inherent variability associated 
with use of cell lines derived from different patients and may thus enable direct comparison of 
the effects of HPV E6/E7, it may not provide a true representation of HPV infection. For 
example, the less-well characterised HPV oncoprotein, E5, is known to exert weak 
tumourigenic activity in a manner independent of E6 and E7 function (Leechanachai et al. 
1992, Tsao et al. 1996). Furthermore, studies in HPV-related cervical and tonsillar squamous 
cell carcinoma have highlighted HPV DNA integration into the host genome as a critical 
event in HPV-induced carcinogenesis, affecting both viral and host gene expression 
(Wentzensen et al. 2004, Mooren et al. 2013).  
     It is becoming increasingly apparent that HPV-related HNSCCs are a biologically 
heterogeneous group and this is most likely reflected in HPV-positive cell lines too (Lechner 
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et al. 2013, Keck et al. 2015). Keck et al. recently analysed a clinically homogenous 
population of loco-regionally advanced HNSCCs, enriched for HPV-positive tumours, and 
revealed that HPV-related HNSCC could be further divided into two distinct subtypes based 
on gene expression profiles (Keck et al. 2015). HPV-positive HNSCC subgroups have also 
been identified based on unique epigenetic signatures and, importantly, were found to have 
differing prognostic features (Lechner et al. 2013). As a result, our findings will likely need to 
be challenged in a larger panel of HPV-positive and HPV-negative HNSCC cell lines, 
preferably those derived from the same tumour sub-site and with similar demographic and 
clinicopathological characteristics. However, whilst the use of clinically homogeneous cell 
lines may help to delineate the most common molecular mechanisms involved in the etiology 
of HNSCC, important insights into the complexity of this disease may be missed.  
     Despite a growing number of reports implicating PTTG and PBF in the regulation of cell 
motility, the mechanisms underlying their involvement in this process are yet to be clarified. 
Matrix metalloproteinases (MMP) represent an important class of proteolytic enzymes that 
mediate breakdown of the basement membrane and extracellular matrix, thereby paving the 
way for tumour cells to invade and metastasise. Among them, MMP-2 and MMP-9 have been 
identified as particularly important in tumour angiogenesis and metastasis, as they are 
responsible for the cleavage of type IV collagen, a key structural component of the basement 
membrane (Stamenkovic 2000). One potential mechanism by which PTTG is thought to 
promote tumour cell invasion is via modulation of MMP expression and secretion (Malik, 
Kakar 2006, Xia et al. 2013, Lin et al. 2015b). Conditioned medium from HEK293 cells 
transfected with PTTG was capable of inducing human umbilical vein endothelial cell 
(HUVEC) migration, invasion and tube formation (Malik, Kakar 2006). Importantly, pre-
treatment with an anti-MMP-2 antibody significantly repressed these effects (Malik, Kakar 
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2006), suggesting modulation of MMP secretion by PTTG. In addition, expression of MMP-
2, MMP-9 and MMP-13 have been shown to be significantly reduced in cutaneous squamous 
cell carcinoma and prostate cancer cell lines following RNAi-mediated PTTG knockdown, 
and was further associated with impaired cell migration and invasion (Xia et al. 2013, Lin et 
al. 2015b). 
     Given that these effects have been observed across several tumour types, PTTG 
modulation of MMPs, and their related signalling pathways, may represent a critical 
mechanism by which PTTG promotes tumour invasion and metastasis. With this in mind, it is 
perceivable that the observed reduction in invasiveness in our stable PTTG knockdown 
HNSCC cell lines is, at least in part, due to repressed MMP expression/secretion and warrants 
further investigation. Indeed, altered MMP-2 expression has been noted in oesophageal and 
oral squamous cell carcinoma cells following transfection with PTTG or PTTG-specific 
siRNA (Yan et al. 2009, Zhang et al. 2014). Furthermore, diminished secretion of tissue 
inhibitor of metalloproteinase (TIMP) family members, TIMP-1 and TIMP-2, has been 
recognised in oesophageal cancer cells overexpressing PTTG (Yan et al. 2009). 
     PTTG has also been linked to epithelial-to-mesenchymal transition. EMT was first 
identified as a crucial process that occurs during embryonic development but has since been 
associated with tumour progression and metastasis (Thiery et al. 2009). It is a multi-step 
process in which epithelial cells shed their epithelial characteristics and adopt a more 
mesenchymal phenotype. During this process, cell-to-cell adhesion is abrogated and cells 
undergo extensive cytoskeletal remodelling. As a consequence of these molecular alterations, 
the cells lose polarity and assume a spindle-like morphology, which ultimately enables 
tumour cell movement through the basement membrane and invasion of the surrounding 
lymphatic or blood vessels. PTTG overexpression in breast and ovarian cancer cells is 
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purported to be necessary for the acquisition of these spindle-like migratory properties (Shah, 
Kakar 2011a, Yoon et al. 2012). Overexpression of PTTG in breast cancer cells promoted 
invasion in trans-well invasion assays and was followed by suppression of the epithelial 
marker, E-cadherin, and a concomitant increase in expression of the mesenchymal markers, 
N-cadherin and vimentin (Yoon et al. 2012). Down-regulation of E-cadherin and induction of 
vimentin was also observed in ovarian cancer cells overexpressing PTTG (Shah, Kakar 
2011a). In addition, the EMT transcription factors, Twist, Snail and Slug were found to be 
upregulation in these cells, further supporting a role for PTTG in the EMT process (Shah, 
Kakar 2011a). Although the influence of PTTG expression on EMT has not previously been 
examined in the setting of head and neck tumourigenesis, it may represent an additional pro-
invasive mechanism employed by PTTG. 
     The mechanisms of PBF-induced cell migration and invasion, however, are only just being 
uncovered. Through extensive mass spectrometry we have identified the cytoskeletal protein, 
cortactin, as an interacting partner of PBF (Watkins et al. 2016). The principle role of 
cortactin is to regulate the actin-nucleating Arp2/3 complex (Weaver et al. 2001). When 
activated in response to external stimuli, cortactin directly activates the Arp2/3 complex and 
facilitates the Arp2/3-mediated stabilisation of F-actin filament branches (Weaver et al. 2001). 
In this manner, cortactin helps drive formation of specialised membrane protrusions at the 
leading edge of migrating cells (Ayala et al. 2008). Immunofluorescence and proximity 
ligation experiments confirmed co-localisation of PBF and cortactin, particularly at the 
leading edge (Watkins et al. 2016). Further co-immunoprecipitation assays confirmed direct 
binding between PBF and cortactin in vitro and identified Src-mediated phosphorylation of 
PBF at residue Y174 as critical to the functional interaction between these two proteins 
(Watkins et al. 2016). Importantly, 2D Boyden chamber invasion assays performed in a panel 
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of thyroid, breast and colorectal cancer cell lines demonstrated that depletion of cortactin 
protein expression ameliorated the ability of PBF to induce cell invasion (Watkins et al. 
2016). This suggests that PBF induction of cell invasion is entirely driven by, and dependent 
on, the presence of functional cortactin.  
     Cortactin is frequently amplified in head and neck squamous cell carcinomas (~30 % of 
cases) (Schuuring et al. 1993, Schuuring 1995). Furthermore, overexpressed cortactin has 
been linked with advanced disease stage, tumour recurrence and disease-free survival in a 
series of human head and neck squamous cell carcinomas (Rodrigo et al. 2000), and has been 
reported to promote oesophageal cancer cell motility in vitro, as well as, tumour growth in 
vivo (Luo et al. 2006). Thus, it is plausible that attenuation of PBF protein expression in 92-
VU-040T and 93-VU-147T cells indirectly abrogates cell invasion by impairing sequestration 
and subsequent activation of cortactin, by Src, at the plasma membrane. 
     Recent studies have identified a novel aspect of p53 function, namely in the regulation of 
cell migration and invasion. Stable expression of mutant forms of p53, frequently found in 
human cancers, has been shown to promote cell migration and invasion by boosting integrin 
and epidermal growth factor receptor (EGFR) trafficking to the plasma membrane (Muller et 
al. 2009). In addition, wild-type p53 has been demonstrated to suppress cancer cell invasion 
by promoting MDM2-mediated degradation of Slug, a key transcriptional repressor involved 
driving EMT (Wang et al. 2009). However, expression of mutant p53 was capable of 
repressing MDM2 expression, thereby allowing accumulation of Slug and subsequent 
induction of EMT (Wang et al. 2009). In murine models of HNSCC, loss of p53 is associated 
with a more aggressive, metastatic phenotype and results in rapid tumour formation in all 
mice (Ku et al. 2007). Furthermore, in an orthotopic murine model of oral squamous cell 
carcinoma, injection of mice with head and neck cancer cell lines harbouring various TP53 
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mutations leads to more aggressive tumour growth, increased incidence of lymph node 
metastases and reduced survival (Sano et al. 2011). Collectively, these studies suggest a 
potential anti-invasive function of p53 in the specific setting of head and neck cancer too. 
Indeed, p53 mutational status has been shown to modulate EMT in a panel of head and neck 
squamous cell carcinoma cell lines via NF-κB signalling (Lin et al. 2015a). In addition, 
microRNA-34a expression is frequently downregulated in head and neck cancers and leads to 
enhanced tumour growth, EMT and angiogenesis (Kumar et al. 2012, Sun et al. 2015). 
MicroRNA-34a is a known target of p53 and loss of p53 function, via mutation or 
inactivation, has been shown to result in a rise in microRNA-34a expression and Snail-
dependent induction of EMT (Kim et al. 2011).  
     Therefore, based on these observations, the ability of PTTG and PBF to bind and modulate 
p53 protein stability may represent a final mechanism by which PTTG and PBF may promote 
HNSCC cell migration and invasion. However, it is important to note that the 93-VU-147T 
cell line contains a heterozygous mutation in the TP53 gene (c.770T>G, p.L257R), which 
renders p53 non-functional. However, they demonstrated a similar degree of reduced 
invasiveness in the absence of PTTG or PBF when compared with the 92-VU-040T cell line, 
which is wild-type for p53. It is therefore likely that additional mechanisms of PTTG-/PBF-
induced cell migration and invasion are involved and may compensate for loss of p53 
functionality in the 93-VU-147T cells.  
     Although beyond the scope of this body of work, it will be important to determine the 
precise mechanisms underlying PTTG- and PBF-induced invasion in head and neck cancer. It 
will also be necessary to determine the extent to which they interact to modulate HNSCC cell 
invasion. Many of the key functions of PTTG require its presence in the nucleus. PBF, which 
contains a bipartite nuclear localisation signal (NLS) sequence, was initially identified as an 
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interacting partner of PTTG (Chien, Pei 2000) This interaction was subsequently found to 
facilitate PTTG translocation from the cytoplasm to the nucleus (Chien, Pei 2000). Thus, it is 
possible that the reduction in cell invasion observed in our HNSCC cell lines following PBF 
knockdown is the result of a decrease in the nuclear transport and ensuing transcriptional 
activity of PTTG, rather than an independent effect of PBF gene silencing. Using mutant 
forms of PTTG and PBF, which are unable to interact with one another, may facilitate 
assessment of the precise contributions of both proto-oncogenes in HNSCC cell invasion.  
 
7.4.2 PTTG and PBF gene silencing reduces the colony forming abilities of 92-VU-040T 
and 93-VU-147T cells 
     Previous investigations by our group and others have demonstrated overexpression of 
PTTG (Pei, Melmed 1997, Boelaert et al. 2004, Stratford et al. 2005) and PBF (Stratford et al. 
2005) to induce mouse NIH3T3 fibroblast cell transformation in vitro. To determine the 
impact of PTTG or PBF knockdown on the transforming potential of HNSCC cell lines, we 
performed colony formation assays in our 92-VU-040T and 93-VU147T head and neck cell 
lines stably transduced with either PTTG-specific shRNA or PBF-specific shRNA. 
Preliminary experiments demonstrated a clear repression of the colony forming ability of both 
cell lines following PTTG and PBF gene silencing. Whilst these data indicate a role of PTTG 
and PBF in HNSCC cell survival and colony formation, they do not directly address their 
potential roles as potent transforming genes in HNSCC.  
     Anchorage dependence refers to the need for cells to be attached to, or in contact with, a 
stable surface in order for them to survive and initiate cell division. When grown in a 
monolayer, normal cells become growth arrested if they come into contact with each other at 
high density. This regulatory process is known as contact inhibition and is often dysregulated 
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during tumourigenesis, thereby enabling malignant transformed cells to grow in an 
anchorage-independent manner and without the need for stimulation by external triggers. The 
soft agar assay is a well-established in vitro assay used to evaluate this capability of 
transformed cells in response to various conditions. Therefore, in order to examine the 
transforming effects of PTTG and PBF in our stably transduced HNSCC cell lines, further 
soft agar assays will need to be performed.  
 
7.4.3 Concluding Statements 
     Attenuation of PTTG or PBF protein expression abrogates cellular migration and invasion 
in HPV-negative and HPV-positive HNSCC cell lines. In addition, colony formation is 
impaired following PTTG and PBF knockdown. Overexpression of PTTG and/or PBF 
therefore present important aetiological events in the progression of HNSCC and may serve 
as therapeutic targets to prevent further development of metastatic disease. 
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     The research presented in this thesis described investigations into the relationship between 
the functionally related proto-oncogenes PTTG and PBF and the tumour suppressor protein 
p53, with a particular focus on head and neck squamous cell carcinoma. Investigations were 
founded on the observation that p53 is frequently mutated in HNSCC tumours (Petitjean et al. 
2007, Zhou et al. 2016) or is inactivated by other mechanisms, including HPV E6 oncoprotein 
expression (Scheffner et al. 1990), thus alluding to the importance of functionally active p53 
in the suppression of HNSCC tumour initiation and progression. Given that PTTG and PBF 
are known to modulate p53 metabolism and function in several tumour settings (Bernal et al. 
2002, Read et al. 2014, Read et al. 2016a, Read et al. 2016b) and the numerous reports 
demonstrating PTTG overexpression in head and neck cancer (Shibata et al. 2002, Zhou et al. 
2005, Solbach et al. 2006, Ito et al. 2008, Yan et al. 2009, Zhang et al. 2013), we 
hypothesised that the interacting partners PBF and PTTG are overexpressed in HNSCC 
tumours and high tumoural expression significantly correlates with poor clinical outcome. We 
further hypothesised that PTTG and PBF bind to p53 and induce its rapid turnover in the 
setting of head and neck cancer, thereby disrupting its tumour suppressor activity and 
promoting HNSCC tumourigenesis and progression. 
 
8.1 PTTG and PBF are overexpressed in HNSCC tumours 
     Overexpression of PTTG has been documented in numerous malignancies including breast 
(Solbach et al. 2004), pituitary (McCabe et al. 2003), thyroid (Boelaert et al. 2003a) and colon 
(Heaney et al. 2000) cancer. Several publications have also implicated PTTG in the 
pathogenesis of HNSCC, where high tumoural expression has been independently correlated 
with advanced tumour stage, lymph node involvement and reduced disease-free survival 
(Shibata et al. 2002, Solbach et al. 2006, Ito et al. 2008, Yan et al. 2009, Zhang et al. 2013), 
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thus suggesting that PTTG overexpression may be of prognostic significance in the setting of 
HNSCC. In order to address these previous findings, total RNA was extracted from matched 
fresh-frozen HNSCC normal and tumour tissue specimens and PTTG mRNA expression 
assessed by real-time quantitative PCR. In addition, PTTG protein expression was determined 
by immunohistochemistry using OPSCC tissue microarray (TMA) sections. 
     These studies confirmed that PTTG mRNA expression is significantly upregulated in 
HNSCC tumour tissue compared to matched normal tissue, with the greatest degree of 
overexpression evident in oropharyngeal tumours. Subsequent evaluation of PTTG protein 
expression in TMA sections revealed that a large proportion of patient samples were positive 
for PTTG staining and also highlighted a significant correlation between PTTG and HPV 
status, as illustrated by higher PTTG protein expression levels in HPV-positive OPSCC 
tumour samples.  
     The mechanisms regulating PTTG involvement in tumourigenesis have not been fully 
established. However Mora-Santos et al. have recently uncovered a putative PTTG 
phosphorylation site, threonine-60 (T60), which may be of particular importance with regard 
to PTTG oncogenic activity (Mora-Santos et al. 2013). We therefore generated a phospho-
specific PTTG antibody to residue T60 to investigate PTTG T60 phosphorylation in the same 
series of TMA sections. Immunohistochemical examination revealed a significant association 
between PTTG-pT60 and OPSCC tumour sub-site, with higher PTTG-T60 protein expression 
observed in tonsillar carcinomas when compared with tumours originating from the base of 
the tongue. Interestingly, many studies have noted a higher prevalence of HPV infection in 
tonsillar carcinomas compared to other OPSCC sub-sites (Klussmann et al. 2001, Sethi et al. 
2012). The observed correlation between PTTG-pT60 and tonsillar carcinoma therefore 
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provides further circumstantial support for a positive association between HPV and PTTG in 
OPSCC. 
     As a result of the heterogeneity displayed by HPV-negative and HPV-positive OPSCC 
cancers, current research is focused on identifying novel druggable targets, as well as 
biomarkers to help identify patients who are likely to respond to specific treatment strategies. 
As PTTG appears to be strongly associated with HPV status, manipulation of PTTG 
expression and/or function represents a promising future therapeutic target for the treatment 
of HPV-positive HNSCC. PTTG may also serve as a novel predictive biomarker to help 
identify HPV-positive HNSCC subpopulations that are likely to benefit from treatment de-
intensification. Future research will involve confirming these findings in larger scale studies. 
Detailed assessment of the relationship between PTTG and HPV infection will also be 
required. It may be that PTTG cooperates with certain HPV oncoproteins to promote HPV-
induced carcinogenesis. Alternatively, upregulation of PTTG expression may be an indirect 
effect mediated by a common regulatory mechanism, for example, the transcription factor Sp-
1, has been implicated in the transcriptional regulation of both PTTG and HPV E6/E7 (Gloss, 
Bernard 1990, Clem et al. 2003). 
     Expression of PTTG’s binding partner PBF has not previously been examined in HNSCC, 
although a recent unpublished GEO profile cDNA array analysis of 22 matched HNSCC 
tumour and normal tissues has hinted a potential upregulation of PBF. We therefore 
hypothesised that PBF is overexpressed in HNSCC tumours and that high PBF expression is 
associated with poor prognosis. To test this hypothesis, quantitative real-time PCR and 
immunohistochemistry techniques were used to assess PBF mRNA and protein expression in 
the same patient cohorts used to examine PTTG expression.  
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     These studies demonstrated that PBF mRNA expression is significantly increased in 
HNSCC tumours when compared with matched normal tissues. Furthermore, a parallel 
increase in PBF and PTTG mRNA expression was apparent in these samples. Given that PBF 
is required for the nuclear translocation of PTTG and for its transcriptional activity (Chien, 
Pei 2000) and PBF mRNA expression is upregulated by PTTG in the thyroid (Stratford et al. 
2005), induction of PBF expression may be a secondary effect mediated by PTTG. 
Alternatively, correlated PBF and PTTG expression may be a result of a common regulatory 
mechanism; for example, oestrogen is known to regulate expression of both PBF and PTTG 
(Heaney et al. 1999, Watkins et al. 2010, Xiang et al. 2012). Indeed abundant PBF protein 
expression was observed in 92 % of the OPSCC TMA specimens analysed and revealed a 
significant gender bias, with higher PBF protein expression levels in female patients, thus 
providing further support for the latter theory.  
     Surprisingly, neither PTTG nor PBF were associated with any of the prognostic factors 
assessed, including TNM stage and tumour recurrence. This was an unexpected finding as 
both proto-oncogenes have been reported to serve as prognostic markers in differentiated 
thyroid cancer (Boelaert et al. 2003a, Hsueh et al. 2013). It is entirely possible that PTTG and 
PBF expression/function is required in the early stages of HNSCC tumourigenesis and cease 
to be important once the tumour has progressed and become invasive. Future investigations 
could focus on examining expression of PTTG and PBF in precancerous lesions and tumour 
margins, alongside analysis of normal and tumour tissues. Determining whether PTTG and 
PBF may serve as prognostic markers in HNSCC will also require further evaluation in a 
much larger cohort of patient samples as our study was limited by the relatively small number 
of samples available.  
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8.2 Stable gene silencing in head and neck cancer cells by lentiviral vectors 
     The majority of HNSCC cell lines are extremely difficult to transfect using conventional 
transfection methods. Therefore, in order to explore the roles of PTTG and PBF in the 
pathogenesis of head and neck cancer, we generated lentiviral particles to deliver gene-
specific shRNA into HPV-negative 92-VU-040T and HPV-positive 93-VU-147T HNSCC 
cell lines to effectively knockdown PTTG and PBF gene expression. 
     Lentiviral-based RNAi expression systems have emerged as a powerful tool to facilitate 
permanent target gene knockdown in primary, hard-to-transfect and non-dividing cells. 
However, the system has its drawbacks, especially in terms of generating functionally active 
shRNA molecules. This was indeed the case for PBF, whose expression was not significantly 
repressed in either HNSCC cell line following transduction with one of four different PBF 
shRNA target sequences generated in-house. We therefore purchased transduction-ready 
lentiviral particles, which were tailored to express one of three validated PBF gene-specific 
shRNA under the hCMV promoter, as it was found to be the most active promoter in both 92-
VU-040T and 93-VU-147T cells. PBF expression was sufficiently reduced using this 
alternative RNAi expression system.  
     Having successfully knocked down expression of PTTG and PBF using both RNAi 
expression systems and having subsequently established clonal cell lines stably expressing 
PTTG or PBF shRNA, we next sought to determine the impact of PTTG and PBF depletion of 
HNSCC cell proliferation. PTTG knockdown resulted in a significant increase in the 
proliferation, whereas knockdown of PBF led to a significant decrease in the proliferation of 
92-VU-040T and 93-VU-147T cells. Interestingly, the differences in the proliferative capacity 
of 92-VU-040T and 93-VU-147T cells following PTTG or PBF depletion correlated with 
BCL-2 mRNA expression levels; PTTG knockdown resulted in significant induction of BCL-
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2, whereas, PBF knockdown led to significant repression of BCL-2, thereby implying that the 
observed differences in cell proliferation may be linked with altered apoptosis. However 
additional caspase 3/7 apoptosis assays would need to be performed to confirm or refute this 
theory. 
 
8.3 The relationship between PTTG, PBF and p53 
     PTTG has previously been shown to be capable of binding to the tumour suppressor 
protein p53 both in vitro and in vivo (Bernal et al. 2002). Recent research conducted by our 
group has also uncovered a functional interaction between PBF and p53 in thyroid and 
colorectal cancer (Read et al. 2014, Read et al. 2016a, Read et al. 2016b). Given that both 
proto-oncogenes are known to functionally interact with p53 in other cancers, it was 
hypothesised that PTTG and PBF bind to p53 in the setting of head and neck cancer.  
     To explore their potential interactions in vitro, total cellular protein was extracted from 
transfected 92-VU-040T and 93-VU-147T cells and subjected to co-immunoprecipitation 
assays. In support of the hypothesis, p53 successfully co-immunoprecipitated with transfected 
PTTG-HA or PBF-HA and reciprocal assays confirmed direct and specific PTTG:p53 and 
PBF:p53 interactions in both HNSCC cell lines. Further co-immunoprecipitation assays 
demonstrated that the interaction between exogenous PBF and p53 was enhanced following 
PTTG depletion in stable 92-VU-040T and 93-VU-147T cell lines. On the other hand, PBF 
depletion resulted in impaired PTTG binding to p53 in stable 92-VU-040T and 93-VU-147T 
cell lines, therefore suggesting that the relative levels of PTTG and PBF expressed in the cell 
strongly influences their ability to interact with p53. 
     PTTG has previously been demonstrated to alter p53 stability. The interaction between 
PBF and p53 was also found to de-stabilise p53, inducing its ubiquitination and subsequent 
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proteasomal degradation in an MDM2-dependent manner (Read et al. 2014). In light of this 
research, we performed anisomycin half-life studies to determine the individual and combined 
effects of PTTG and PBF on p53 protein stability in 92-VU-040T and 93-VU-147T cells. 
Expression of PTTG or PBF alone resulted in a significant reduction if p53 stability, 
confirming our original hypothesis that PTTG and PBF alter p53 metabolism in HNSCC cells. 
Interestingly, this effect was further augmented following co-transfection with PTTG and 
PBF, thus suggesting that PTTG and PBF cooperate to induce turnover of p53.  
     To further explore the impact of the interaction between PTTG and PBF on p53 stability, 
anisomycin half-life assays were performed following co-transfection with wild-type PTTG 
or PBF and the existing mutants, PTTG BD- or PBF M1, which are incapable of binding one 
another. Interestingly, transfection with PTTG BD- and wild-type PBF resulted in a 
significant decrease in p53 stability, whereas transfection of wild-type PTTG and PBF M1 or 
PTTG BD- (Δ123-154) and PBF M1 (Δ149-180) led to stabilisation of p53. These results 
imply that modulation of p53 metabolism by PTTG and PBF is not necessarily contingent 
upon their interaction. Given that PBF phosphorylation at residue Y174 is essential for its 
interaction with, and trafficking of, numerous proteins (Smith et al. 2013, Watkins et al. 
2016), PBF-mediated degradation of p53 may be dependent on PBF-Y174 phosphorylation 
status. Y174 phosphorylation may also impact on PTTG or p53 subcellular localisation and/or 
PTTG function. Additional anisomycin half-life assays would need to be conducted to 
determine the impact of abrogating PBF-Y174 phosphorylation on PBF- and PTTG-mediated 
p53 turnover. These experiments should also be performed in the presence of reduced 
endogenous PTTG and PBF expression or in cell lines devoid of PTTG and PBF to reduce 
potential interference from high background PTTG/PBF expression. It will also be important 
to determine the mechanism by which PTTG and PBF induce p53 turnover. 
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     Taking into account the observed effects of PTTG and PBF expression on p53 interaction 
and stability, the impact of their depletion on the expression of a panel of p53-related genes 
was analysed, before and after irradiation-induced DNA damage. PTTG and PBF depletion 
led to significant dysregulation of a small number of p53-responsive genes, including BCL-2, 
RAD51 and BRCA1. Given that many of the genes analysed are usually induced in response 
to DNA damage in a p53-dependent manner, these data suggest that PTTG and PBF may have 
some impact on p53 transcriptional activity in 92-VU-040T and 93-VU-147T HNSCC cell 
lines. However, gene expression profiling would need to be conducted on a much larger panel 
of p53-responsive genes in future, as this would provide a more accurate account of the 
impact of PTTG and PBF expression on p53 transactivation function. It will also be important 
to determine whether the dysregulated gene expression is indeed p53-dependent. Luciferase 
reporter assays could be performed following PTTG or PBF overexpression to determine 
whether PTTG and PBF are capable of directly repressing p53 transcriptional activity. 
Furthermore, the levels of p53-responsive gene expression could be assessed in PTTG and 
PBF depleted 92-VU-040T and 93-VU-147T cells, both in the presence and absence of p53 
siRNA. Finally, the FISSR-PCR technique could be employed to quantify the level of 
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8.4 PTTG and PBF depletion reduced the invasiveness of head and neck 
cancer cells 
     Cell migration and invasion form an important early step in the metastatic cascade. 
Previous research has demonstrated that PTTG and PBF are capable of inducing potent 
migration and invasion of several types of cancer cells (Ito et al. 2008, Watkins et al. 2010, 
Chen et al. 2015, Watkins et al. 2016). Given that PTTG and PBF are frequently 
overexpressed in HNSCC, which is a highly aggressive malignancy, it was hypothesised that 
downregulation of each proto-oncogene may impair the inherent invasiveness of 92-VU-040T 
and 93-VU-147T HNSCC cells. To test this hypothesis, 2D Boyden chamber invasion assays 
and classical wound healing assays were utilised. In accordance with our hypothesis, 
attenuation of PTTG or PBF expression led to a marked reduction in the invasive capacity of 
92-VU-040T and 93-VU-147T cells, thus implicating PTTG and PBF in the regulation of 
HNSCC cell invasion and migration. Furthermore, colony formation assays performed in 
PTTG or PBF depleted cells demonstrated clear suppression of the colony forming ability of 
both cell lines, also indicating a role for PTTG and PBF in HNSCC cell survival. 
     Unfortunately, determining the precise mechanisms by which PTTG and PBF promote 
HNSCC cell migration and invasion, or colony formation, was beyond the scope of this thesis 
and warrants further exploration. Aside from its well-established roles, p53 has been 
implicated in the processes of cell migration, invasion and epithelial-to-mesenchymal 
transition (Muller et al. 2009, Wang et al. 2009, Mukhopadhyay et al. 2010, Lin et al. 2015a). 
As we have provided evidence demonstrating that PTTG and PBF functionally interact with 
p53 in HNSCC cells, it is possible that PTTG and PBF promote HNSCC migration and 
invasion via modulation of p53-dependent mechanisms. However, 93-VU-147T cells harbour 
a heterozygous p53 mutation (c.770T>G, p.L257R), so it is possible that additional p53-
Chapter 8 Final conclusions and future directions 
 
   256 
independent mechanisms may be involved. Further experiments may involve repeating these 
assays in the presence and absence of p53 siRNA to assess whether PTTG and PBF are acting 
upstream of p53 to regulate cell migration and invasion. 2D Boyden chamber invasion assays 
should also be performed following transfection with specific mutant forms of PTTG or PBF 
as this may shed light on the regions that are important in inducing invasion and may provide 
additional information regarding potential modes of action. 
 
8.5 Concluding statements 
     The research presented in this thesis has demonstrated that the proto-oncogenes PTTG and 
PBF are overexpressed in HNSCC tumour tissue compared to matched normal tissue 
specimens. High tumoural PTTG protein expression was significantly associated with HPV 
status. Furthermore, PBF displayed a significant gender bias, with higher PBF protein 
expression levels in female patients. However, despite evidence implicating PTTG, and now 
PBF too, in head and neck cancer, the precise mechanisms by which they may promote 
HNSCC tumourigenesis remain to be elucidated. Work carried out in this thesis has 
established that PTTG and PBF functionally interact with and cooperate to reduce p53 protein 
stability in HPV-negative and HPV-positive HNSCC cells. Furthermore, attenuation of PTTG 
or PBF expression in these cell lines led to dysregulated expression of p53-related genes, both 
before and after treatment with ionising radiation. Affected genes were involved in important 
cellular processes, including DNA damage repair and apoptosis and, as such, may serve to 
promote genomic instability and HNSCC cell survival. Additional studies revealed that 
depletion of PTTG or PBF significantly repressed migration and invasion, and also impaired 
colony formation in HPV-positive and HPV-negative HNSCC cells. The frequent 
overexpression of PTTG and PBF in HNSCC tumours may therefore be of aetiological 
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importance, with regard to tumour progression and both proto-oncogenes may serve as 
therapeutic targets in the prevention or treatment of metastatic disease. Given that PTTG 
expression strongly correlated with HPV-positive HNSCC, PTTG may represent a novel 
predictive biomarker for the further stratification of HPV-positive HNSCC patients based on 
their likely response to specific treatment strategies. Differential PTTG expression may also 
prove useful in identifying HPV-positive HNSCC patients who are likely to benefit from 
treatment de-intensification. 
     Overall, this research has provided novel insights into the roles of PTTG and PBF in 
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10.1 Sequences and locations of the PTTG shRNAs generated for use with 
the BLOCK-iT™ lentiviral RNAi expression system 
     The following figure shows the locations of the two PTTG shRNA target (sense) 
sequences within the PTTG cDNA sequence, designed for use with the BLOCK-iT™ 
lentiviral RNAi expression system. Sequences are highlighted and bold, and are also given in 
the table below. The 3’ UTR is highlighted in yellow, the 5’ UTR highlighted in grey and the 












shRNA ID Sense sequence Anti-sense sequence 
PTTG shRNA #1 5’- GGTCTGGACCTTCAATCAAAG -3’ 5’- CTTTGATTGAAGGTCCAGACC -3’ 
PTTG shRNA #2 5’- GCCTTACCTAAAGCTACTAGA -3’ 5’- TCTAGTAGCTTTAGGTAAGGC -3’ 
Chapter 10 Appendix A 
 
   287 
10.2 Sequences and locations of the PBF shRNAs generated for use with the 
BLOCK-iT™ lentiviral RNAi expression system 
     The following figure shows the locations of the four PBF shRNA target (sense) sequences 
within the PBF cDNA sequence, designed for use with the BLOCK-iT™ lentiviral RNAi 
expression system. Sequences are highlighted and bold, and are also given in the table below. 
The 3’ UTR is highlighted in yellow, the 5’ UTR highlighted in grey and the translation 














shRNA ID Sense sequence Anti-sense sequence 
PBF shRNA #1 5’- GAGCTGCTTGTTCTCAGAACA -3’ 5’- TGTTCTGAGAACAAGCAGCTC -3’ 
PBF shRNA #2 5’- GGAGTTTGTTGGGTGAACTTT -3’  5’- AAAGTTCACCCAACAAACTCC -3’ 
PBF shRNA #3 5’- GCCTAAGGAAGTTTGGAAATA -3’ 5’- TATTTCCAAACTTCCTTAGGC -3’ 
PBF shRNA #4 5’- GGATACGTGGCTTTAGTAAGC -3’ 5’- GCTTACTAAAGCCACGTATCC -3’ 
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10.3 Sequences and locations of the SMARTvector 2.0 lentiviral PBF 
shRNAs 
     The following figure shows the locations of the three PBF shRNA target (sense) sequences 
within the PBF cDNA sequence. Sequences are highlighted and bold, and are also given in 
the table below. The 3’ UTR is highlighted in yellow, the 5’ UTR highlighted in grey and the 



















shRNA ID Target sequence 
PBF shRNA #1 5’- GATCATCACCATGTCGGTA-3’ 
PBF shRNA #2 5’- AACGCTAACTGCACACGAA-3’  
PBF shRNA #3 5’- GGTTGTGAAATACAGCGTA-3’ 
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